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ABSTRACT 
Overpopulation is one of the major causes of many environmental problems we 
experience today. With increasing population, the demand for quality food and clean water is 
becoming difficult to realize. Although with advancement in technology, we are still able to 
cope with the demand, but eventually we will exhaust the supply for quality food and clean 
water as well as the different methods of achieving them. 
Quality food and clean water are necessities to live. To help in delivering these needs, 
federal regulations and policies were developed and implemented to protect the public from 
environmental contaminants that might be hazardous to human health. Contaminants such as 
organic compounds are ubiquitous in the environment because they are component of most 
goods that the public use on a daily basis. When these organic compounds are released into 
the environment they could undergo different processes such volatilization, microbial 
degradation, photodegradation, movement by run-off, adsorbed and held strongly in the soil, 
or move with the soil-water. When a hazardous organic compound is strongly held in the 
soil, it is possible that it will be taken-up by crops for human consumption or as feedstock. 
Organic compounds that are mobile in the water may also be taken-up by aquatic species, 
will bioaccumulate, or leach to the groundwater contaminating the source of the drinking 
water. 
A group of compounds found to disrupt the endocrine systems that brought a great 
concern to the scientific community was observed three decades ago. These compounds are 
collectively referred to as endocrine disrupting chemicals (EDC) and sometimes endocrine 
active compounds (EAC). Since then, various research studies have been conducted to 
potentially cover all aspects of EDCs. To establish the presence, and the spatial and temporal 
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distribution of EDCs, monitoring studies of surface and even groundwater were often 
conducted. The effect of EDCs to wildlife, such as the feminization of frogs and fishes, and 
the potential health problems to humans were also intense research areas that involves EDCs.  
To determine the overall environmental risk of EDCs, the fate and transport of these 
compounds need to be evaluated as well. The fate and transport studies will explore the 
movement of these compounds in soil, water, and air. Also, how the physical and chemical 
properties of these compounds changes as they interact with other chemicals, 
microorganisms, and other components of the soil-water systems, such as the native 
dissolved organic matter (soil) and the exogenous dissolved organic matter (biosolids-
derived). EDCs maybe released from residential, industrial, and agricultural sources. In 
wastewater treatment plant, the EDCs and other contaminants may not be completely 
removed during the treatment process and ends up in the biosolids and effluents. To recycle 
the carbon and the plant nutrients such as nitrogen and phosphorus, the biosolids are applied 
in agricultural fields and the effluents are used as irrigation water in relatively dry regions. 
The fate and transport study of EDCs is not well-explored. Since there are a lot of 
chemicals that are manufactured and released daily, and a lot of variability in the systems 
condition (ex. temperature, moisture, and pH) that impact the fate and transport of the EDCs, 
generating more data will definitely help in establishing more reliable results. Adsorption and 
column transport experiments are some of the processes used to predict the fate and transport 
of EDCs. 
 In this study, three endocrine disrupting chemicals (EDCs), bisphenol-A (BPA), 17α-
ethinylestradiol (EE2), and 4-nonylphenol (4-NP), were chosen because of their varying 
physico-chemical properties. Among the three compounds, BPA is the least hydrophobic and 
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4-NP is the most hydrophobic. We are hoping that these compounds can be used as model 
compounds to study the potential environmental risk of other organic pollutants with similar 
physico-chemical properties that are released in soil-water system. The impact on the 
transport of EDCs were also investigated in systems where the native dissolved organic 
matter and exogenous biosolids-derived dissolved organic matter (BDOM) were present.  
 The concentrations of BPA, EE2, and 4-NP were monitored for six months at two 
wastewater treatment plants in Iowa and at their corresponding upstream and downstream 
discharge locations. The monitoring was conducted to assess if the three EDCs of interest 
were actually present in the wastewater effluent and water system. Results showed that BPA, 
EE2, and 4-NP were detectable in the water samples, although the frequency of detection was 
variable throughout the six months. The result also showed that the concentrations detected 
were below the method detection limit (MDL), and suggested that the analytical method 
adopted for the monitoring studies of environmental concentrations of organic contaminants 
were an important consideration in conducting this type of analysis. 
 Soil materials are complicated matrices by themselves and in combination with water 
and biosolids-derived dissolved organic matter, the system becomes even more complex. 
Also, studying the interactions and fates of the three EDCs simultaneously in soil-water-
BDOM systems is challenging, and therefore simplified systems, i.e., working with 
individual EDCs and interaction with individual system component (BDOM-carbon to soil, 
EDCs to soil adsorption-desorption, EDC to BDOM adsorption) was employed in this study. 
 The two soils used are Hanlon and Zook soil samples. The two soil samples have 
contrasting properties. Of the two soils, the Zook soil sample has higher total organic carbon, 
total organic nitrogen, and higher clay content. The biosolids-derived dissolved organic 
xvi 
 
 
matter that was extracted from the anaerobically digested biosolids from the Ames 
Wastewater Pollution Control Facility was characterized and was dominated by N-acetylated 
carbohydrates and aromatic components. Adsorption of BDOM to the two soils revealed the 
predicted maximum adsorption capacity and intensity was 188 mg C kg-1 soil and 0.015 L kg-
1 soil, respectively for Hanlon soil sample and 640 mg C kg-1 soil and 0.015 L kg-1 soil, 
respectively for the Zook soil sample. Although the Zook soil sample had a higher maximum 
adsorption capacity, the intensity of adsorption for both soils was low and of the same 
magnitude, which suggests that the BDOM-carbon is likely to be mobile in saturated 
conditions. Some components of the BDOM-carbon were adsorbed to the soil samples, and 
fractionation of the BDOM-carbon revealed that hydrophobic acid (HoA), hydrophobic 
neutral (HoN), and hydrophilic base (HiB) structural fractions dominated the adsorption. 
Some adsorption mechanisms proposed were cation bridging, hydrophobic partitioning, and 
electrostatic attraction. 
The parameters determined to predict the behavior of the EDCs adsorbed to the two 
soil samples were described by the Freundlich-Langmuir model. This model allowed us to 
calculate the n parameter or the index of heterogeneity of sorption energy. The difference 
between the n values limits our ability to compare sorption capacities of the two soils. For 
example, for EE2, the n values calculated were 0.73 and 1.93 for the Hanlon and Zook soils 
samples, respectively.  
Among the three EDCs, the 4-NP had the highest adsorption maximum capacity 
(Qmax) and adsorption affinity constant (KLF) predicted based on the combined Langmuir-
Freundlich model for both soil samples. Between the two soil samples, the Zook soil sample 
had a maximum adsorption capacity about 50 times higher and an adsorption affinity about 
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ten times higher than the Hanlon soil samples. The EE2 had a higher adsorption affinity than 
the BPA, but the BPA had a higher maximum adsorption capacity than EE2. The BPA 
exhibited about the same magnitude of adsorption capacity and adsorption affinity for both 
soil samples. 4-NP, the most hydrophobic EDC, had the highest adsorption capacity and 
affinity, while the least hydrophobic BPA had the lowest adsorption affinity. 
 The extent of binding between the EDC and the BDOM is important because it 
predicts the EDC-BDOM complex formation. The formation of a complex between the EDC 
and BDOM helps in understanding the role of the BDOM in transport, e.g., enhancing or 
deterring the movement of EDCs in the soil-water system. The results showed that BPA is 
strongly associated with the BDOM fraction, while EE2 and 4-NP did not form a strong 
association with the BDOM. Considering the other adsorption results from the concurrent 
study, we hypothesized that the BDOM will carry with it the BPA as it moves in the soil 
water, while the EE2 and 4-NP will most likely interact with the soil materials.  
 To test the hypothesis of the influence of BDOM on the transport of BPA, a packed 
soil column experiment was conducted using the Hanlon and Zook soil samples. There were 
two concentration levels of BDOM used: 10 mg C L-1 and 40 mg C L-1. The BDOM was 
mixed with the BPA first before passing it through the soil column. The results showed that, 
contrary to the hypothesis that the BDOM would enhance the transport of BPA, the presence 
of exogenous BDOM enhanced the retention of the BPA in both soil samples. 
 The data generated from this research project will be a valuable source of information 
for future studies of organic pollutants with similar physico-chemical properties. The result 
could also serve as a basis to improve the federal and state policy and regulatory frameworks 
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pertaining to the direct discharge of organic chemicals from residential and industrial areas, 
land application of biosolids, and the re-use of effluent as irrigation water.   
 The monitoring study showed detection of the three EDCs but the frequency of 
detection varied at each month of sampling. The result of monitoring could be used as a 
baseline data when in the future, the focus of monitoring study is on the different seasons of 
sampling (temporal variability).  
Estrogens and BPA were detected at polluting levels in groundwater (Focazio et al., 
2008; Adeel et al., 2017). One process to reclaim the groundwater is soil aquifer treatment 
(Mansell et al., 2003). The results generated from this study could be used to improve the 
efficiency of the treatment process because the removal mechanisms is most likely 
influenced by hydrophobic or hydrophilic characteristic of the carbon structural fraction of 
the adsorbent used (Mansell et al., 2003). Also, we can improve the technology in wastewater 
treatment processes to eliminate most of the EDCs before they are released. Part of the waste 
treatment process is the use of soil as component of the bedding material that adsorbs the 
organic contaminants. The adsorption intensity, adsorption capacity, and retardation 
parameter values could therefore be a used to improve the adsorptive capability of the 
bedding materials used.
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CHAPTER 1.  MONITORING OF SELECTED ENDOCRINE DISRUPTING CHEMICALS 
IN TWO IOWA WASTEWATER TREATMENT PLANTS 
 
1.1 Introduction 
 
There are various ways that organic compounds are used to enhance the quality of 
peoples’ lives. These organic compounds are incorporated in household products, 
pharmaceuticals, or as an active ingredient for agricultural products. Some are endocrine-
disrupting compounds (EDCs). Although EDCs are well studied before they are released in 
the market, once they are disposed of, we are uncertain how they will behave, especially in 
soil and water environments.  
One of the contributing sources that release EDCs into the environment is the 
wastewater treatment plant (WWTP). The by-products of wastewater treatment are biosolids, 
which is the solid materials separated after treatment, and the effluent, which is the liquid 
component. These by-products are treated by physical separation as well as chemical and 
biological processes so that they can be disposed of or utilized in beneficial ways. EDCs and 
other contaminants can be removed by degradation during wastewater treatment (Smith, 
2009), but not all treatments are completely effective (Padhye et al., 2014). In addition, the 
type of raw waste materials determine the chemical mixtures of effluent or biosolids 
produced, especially with respect to the types of EDCs or other organic contaminants that 
might be present.  
In some countries such as China, Israel, and other Middle Eastern countries, 
wastewater effluents are used in agricultural irrigation (Ilani et al., 2005; Al-Jasser, 2011; 
Liao et al., 2014). In Southwestern United States, about 45% of wastewater is reuse in 
agricultural irrigation (Wu et al., 2009). There are many benefits of wastewater reuse in 
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agricultural irrigation, including cost-effective disposal of wastewater, control of the local 
water supply, additional source of water, and the nutrient recycling to enhance the quality of 
the agricultural soil. However, if the wastewater effluent is not treated well enough to remove 
pollutants such as bacteria, trace metals, and endocrine disrupting chemicals, they may be 
introduced into the environment.  
Biosolids contain the solid components at the end of wastewater treatment. Similar to 
wastewater effluent, biosolids can be cost-effectively applied to land (Jacobs and McCreary, 
2001; Lu et al., 2012). Some of the benefits include the supply of nutrients, improvement of 
soil properties, and in some studies they have been shown to increase the carbon content of 
the soil (Lu et al., 2012; Shaheen and Tsadilas, 2013). However, the possible run-off and 
leaching of these EDCs to water bodies through land application of biosolids is of concern 
(Langdon et al., 2012).  
Endocrine disrupting chemicals (EDC) are harmful to both humans and animals 
because, as the name suggests, they disrupt the normal function of reproductive systems in 
organisms(Adeel et al., 2017). Although there is no solid evidence to directly pinpoint their 
effects on humans, various studies have linked EDCs to possible reproductive health 
problems, obesity, heart diseases, and breast or other cancers. The most reported evidence for 
environmental effects of EDCs is related to the feminization of frogs and fish (Mills and 
Chichester, 2005; Yan et al., 2012). 
Although research studies involving EDCs have existed for almost three decades, 
establishment of environmental threshold limits for regulatory purposes is still lacking. There 
are thousands of novel chemicals that are manufactured every year (National Toxicology 
Program US Department of Health and Human Services) and some of those chemicals are 
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potential EDCs (Endocrine Disruptor Screening Program, US Environmental Protection 
Agency). This rapid increase in the release and use of these chemicals is maybe one reason 
why there are still barriers in completely understanding the environmental fate of EDCs. The 
potential hazards of individual chemicals will be difficult to track, and managing their risk 
will also be difficult (Ferrey et al., 2010; Bradley and Kolpin, 2013). Besides the intrinsic 
chemical characteristics, other factors that regulate their fate may include natural variables 
such as pH, temperature, and water flow that may interfere in consistently detecting these 
EDCs; the heterogeneous chemical nature of EDCs and other pollutants in the environment 
that may either promote synergistic or antagonistic effects, and the challenges of developing 
the best analytical method to use in order to detect and quantify these EDCs. 
The concentration of EDCs detected in wastewater effluents, rivers, and streams are 
generally reported in ng L-1 (Boyd et al., 2003; Benijts et al., 2004; Rodriguez-Mozaz et al., 
2004; Ying et al., 2009; Ferrey, 2011; Li et al., 2013), but other papers also reported the 
values in μg L-1 (Braun et al., 2003; Loos et al., 2007) depending on the sensitivity of the 
method and the instrument used. Fortunately, with the recent innovations in environmental 
mass spectrometers, detection limits are getting lower and lower (Richardson, 2008), and this 
is necessary for future monitoring studies. 
 Bisphenol A (BPA), 17α-ethinylestradiol (EE2), and 4-nonylphenol (4-NP) have been 
detected in groundwater (Li et al., 2013), surface water (Montagner and Jardim, 2011; Yang 
et al., 2014; Wang et al., 2016) , wastewater effluents, and in upstream and downstream 
discharges of effluents (Liu et al., 2004; Ferrey, 2011). These three EDCs have been reported 
by Ferrey (2011) to be among the frequently detected contaminants when at least 20 
wastewater treatment plants were monitored. When monitoring the emerging contaminants 
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(EC) from the upstream and downstream discharge points from a single-source wastewater 
treatment plant (WWTP), it was reported that there were frequent detection from the 
downstream samples relative to the samples collected from the upstream discharge points. 
Also, the EC detection decreases when moving further away from the discharge point (Hruby 
et al., 2015). This suggests that there was incomplete removal of the ECs during the 
wastewater treatment processes that contributed to the release of ECs. Monitoring of ECs in 
streams on a national scale showed that detection of various ECs was about 80% of the 
samples collected (Kolpin et al., 2002). Detection of ECs is a good start in the process of 
environmental risk assessment, but it creates even more challenges. For one, the synergistic 
or the antagonistic effect of multiple ECs interacting with each other is still very difficult to 
predict, and degradation products give rise to metabolites with unknown chemical properties 
that may or may not be more harmful than the original compound. Kolpin et al., (2002) 
highly suggest to include the study of ECs and its metabolites in future monitoring studies.   
1.2 Objectives 
 This project aims to monitor the distribution of bisphenol-A (BPA), 17α-
ethinylestradiol (EE2), and 4-nonylphenol (4-NP) from selected wastewater effluents in Iowa 
and their corresponding upstream and downstream discharge points for six months, starting 
from the peak of the summer season (August) until the peak of winter (January) season. 
Monitoring studies provide only a snapshot of what was present at the time of sampling, and 
so it would provide more information if resampling at the same site is conducted. Since 
monitoring studies tend to be expensive and time consuming, as far as other monitoring 
studies there is not a lot of studies that explore on the temporal variation of detection. The 
study of Olujimi et al., (2012) reported that there was seasonal variation as well as lack of 
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trends in the detection of phenolic compounds and phthalate esters during the summer, 
autumn, winter, and spring seasons where phenolic compounds in the downstream and 
upstream samples were mostly detected in the spring but not in the summer, autumn, and 
winter seasons while high level of phthalate ester congeners were detected in winter but not 
in the summer season. Furthermore, the fate and transport of the three selected EDCs were to 
be studied in a separate project regarding their mobility in soil environments, so we wanted 
to establish some context for their occurrence in water environments in Iowa.  
1.3 Materials and Methods 
  
1.3.1 Chemicals and reagents 
 
The BPA, EE2, and 4-NP standards were purchased from Sigma-Aldrich, Inc. (St. 
Louis, MO USA). Individual 1000 mg L-1 stock solutions of each compound were prepared 
in acetonitrile. The solvents (methanol, acetonitrile, water) were either analytical grade or 
HPLC grade and purchased from Fisher Scientific (Hampton, NH USA). 
1.3.2 Sample collection  
Discharge effluent water samples were collected in duplicate from the Ames and 
Huxley (Iowa) Wastewater Pollution Control Facilities. In addition, water samples were 
collected from upstream and downstream of the facilities’ discharge locations on the South 
Skunk River and Ballard Creek, respectively (Fig. 1). Each water sample was collected by 
grab sampling using 1-L amber bottles and 2-L Nalgene containers. The sample from the 
amber bottles was used for the determination of endocrine disrupting chemicals and the 
sample from the Nalgene containers was used for the analyses of pH, conductivity, total 
organic carbon (TOC), and total suspended solids (TSS). 
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1.3.3 Organic analysis 
1.3.3.1 Sample Processing 
After collection, the sample was stored in a cooler and transported back to the 
laboratory. Blank samples from the deionized distilled water were also prepared in duplicate. 
The water and blank samples were acidified to pH 3, filtered through a 0.45 µm Durapore® 
PVDF (polyvinylidene fluoride) filter membrane, and was extracted within 24 hours of 
collection. The acidified water and blank samples were pre-concentrated using Oasis® HLB 
Solid-Phase Extraction (SPE) cartridges (6 cc, 200 mg, 30 µm).  
The method for solid-phase extraction was adapted from the application note from 
Waters® Corporation (Hancock and Morphet, 2007) with modifications. To prepare for 
extraction, the Oasis® HLB cartridge was placed in a SPE manifold and was conditioned by 
passing through three milliliters each of methyl-tert butyl ether (MTBE), methanol, and water 
in that order. The acidified sample was then loaded into the cartridge at a rate of 5 mL min-1 
under vacuum of 381 mm Hg. After all the sample had passed through the cartridge, the 
cartridge was washed sequentially with three milliliters each of 10% methanol, HPLC-grade 
water, and 10% methanol in 2% ammonium hydroxide. The cartridge was then completely 
dried to remove any water by continuously running the vacuum for 30 minutes. The target 
compounds were eluted by running 3 mL of 10% methanol in MTBE (methyl tert-butyl 
ether) to the cartridge twice. The 10% MTBE extract was evaporated by gentle stream of 
nitrogen leaving the target compounds. The solvent was replaced by1000 µL of 50:50 v/v 
acetonitrile in ammonium formate buffer (pH adjusted to 3). The sample was transferred to a 
glass vial and run in a liquid chromatography-mass spectrometer (LC-MS) to quantify the 
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bisphenol-A (BPA), 4-nonylphenol (4-NP), and 17α-ethinylestradiol (EE2), which are the 
three endocrine-disrupting compounds selected for this monitoring project. 
1.3.3.2 Sample analysis 
 
1.3.3.2a Detection limits, recovery, and analytical reporting  
 
 The instrument detection limit (IDL) was determined by preparing the lowest 
concentration of the individual EDCs as possible that could be detected by the instrument. To 
determine the method detection limit (MDL), low level, and high level spike recoveries, 
twelve one-liter samples were collected from the Ames Upstream Discharge (AUD) location. 
Eight of the samples were spiked with 50 ng of a mixture of the target EDCs, four of the 
samples were spiked with 2000 ng EDC mixture, and all samples underwent the same sample 
processing described above. 
 The method detection limit (MDL) was calculated from the standard deviation of the 
concentrations determined in the eight samples multiplied by the t-value with seven degrees 
of freedom. The limit of quantitation (LOQ) was calculated as ten times the standard 
deviation of the concentration of the eight samples (Ripp, 1996). 
1.3.3.2b Chromatographic conditions and confirmation analysis  
 
 The LC-MS system used was the Agilent® Technologies 1100 Series equipped with 
an ion-trap mass analyzer. A 40 μL sample was injected into the ZORBAX® Eclipse plus C8 
with guard column; with the following specifications: 2.1 mm internal diameter, 150 mm 
length, and 5 μm particle size. Separation in the column was done by gradient elution using 
water and methanol as solvents. From 0 to 15 minutes, methanol was introduced from 0 to 
40%, and 40% to 90% at 25 minutes where it was held for 10 minutes before reverting to the 
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initial conditions of 100% water. The total run time for each sample was 40 minutes, 
maintaining the flow rate at 0.3 mL min-1 and the column temperature at 40
oC. The separated 
compounds were introduced into the mass analyzer through electrospray ionization and were 
detected in negative ion mode. For samples showing detection of either one or all of the 
compounds, a confirmation analysis was conducted using the tandem mass spectrometry 
(MS/MS) technique. Precursor selection was established for auto MS/MS from mass-to-
charge 218.00-220.00, 226.00-228.00, and 294.00-296.00 to correspond for 4-NP, BPA, and 
EE2, respectively. In auto MS/MS the precursor ions are automatically fragmented into 
product ions that can be used as the characteristic pattern of the profile of each EDCs. The 
mass-to-charge ratios of the product ions used for confirmation are shown in Table 1. 
1.3.4 Inorganic analysis 
 
The pH and conductivity of the water samples were determined in duplicate using the 
Thermo Scientific®Orion 3 Star pH meter equipped with a Ross Combination Electrode and 
HACH® portable Conductivity/TDS meter, respectively. For the total organic carbon 
analysis, the water sample was filtered through 0.45-µm PALL® Supor 450 filter membrane, 
acidified to pH 3 using 30% phosphoric acid, and analyzed by combustion using the 
Shimadzu®TOC-5050 Analyzer. The filtered and acidified sample was sparged with CO2-
free air for two minutes, and a 50-µL sample was injected. Sample injection was done four 
times for each sample, and the mean of the peak area was used for calculations. 
Total suspended solids were measured by filtering 100 mL of unacidified water 
samples through a previously washed, baked, and weighed 0.7-μm glass microfiber filter. 
The residue retained on the filter was dried at 105oC for one hour before weighing. Then total 
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suspended solids was calculated as the mass of the residue on the filter per liter of water 
sample. 
1.4. Results and Discussion 
1.4.1 Inorganic analyses 
 
Selected inorganic analyses such as pH, electrical conductivity, dissolved organic 
matter, and total suspended solids were conducted for water and effluent samples to assess 
the initial physical and chemical conditions of the samples that might affect the extraction 
processe (Table 3). The pH of the samples did not vary a lot during the six-month period of 
sampling at the individual sampling sites. The lowest value was pH 7.8 from the Huxley 
wastewater effluent (HWE) sample, and the rest of the samples were around pH 8.2. In 
general, the electrical conductivity (EC) of the effluent samples was higher than the samples 
collected from the upstream and downstream locations, but between the effluent samples, the 
HWE has the higher value of 1.78 mS cm-1. The range of total suspended solids (TSS) for all 
samples was normally low, with values from 2 to 20 mg L-1. But after rainfall events, the 
values increased considerably for the upstream and downstream samples. Dissolved organic 
matter ranged from 2 to 10 mg L-1 for all samples across the 6-month period. Liu et al. (2004) 
reported that even concentrations of 52 mg L-1 of humic acid did not affect significantly the 
recovery of EDCs in the extraction process, so by filtering the sample at 0.45-μm filter 
membrane, the potential effect of suspended organic matter on the extraction process was 
minimized. 
1.4.2 Detection limits and EDC recovery 
 
 Simultaneous detection of endocrine disrupting chemicals using liquid-
chromatography mass spectrometry (LC-MS) is a very useful technique in environmental 
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monitoring studies because organic pollutants are always present as mixtures. Many  
researchers have successfully explored this technique (Reemtsma et al., 2006; Li et al., 2013; 
Padhye et al., 2014; Yang et al., 2015; Wang et al., 2016), and the instrumentation method is 
normally available. But it is always a challenge for a researcher to make the same method 
work in one’s own laboratory because each researcher has accessibility to different resources 
in conducting a similar analysis. 
 Using the optimized chromatographic conditions established for this method, an 
example of an extracted ion chromatogram profile is shown in Fig. 2. The mass spectra and 
retention times of the product ions that resulted from negative ionization are shown in Fig 3. 
The least non-polar BPA was eluted first at 29.2 to 29.5 min (226.9 m/z), followed by EE2 at 
30.0 to 30.4 min (295 m/z), and lastly 4-NP at 34.9 to. 35.2 min (219 m/z). The instrument 
detection limit (IDL), method detection limit (MDL) and limit of quantitation (LOQ) was 
shown in Table 3 for BPA, EE2, and 4-NP. The IDL were 0.0005, 0.0005, 0.005 mg L-1 , 26, 
34, 24 ng L-1, and 86, 80, 109 ng L
-1, respectively. The levels of MDL and LOQ values from 
our experiment were comparable to those reported by Montagner and Jardim (2011) using 
the Ultraviolet (UV) or fluorescence detectors, but our results were several times higher 
compared to the values reported by Liu et al. (2004), Wang et al. (2016), and Liu et al. 
(2011). 
 The recovery was good, with greater than 80% of the compounds recovered, except 
for the low level spike samples of EE2 and 4-NP, which were 73% and 68%, respectively. 
On the basis of these results, our method was applied to the analysis of the wastewater 
effluent, upstream, and downstream water samples. 
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1.4.3 EDC detection and temporal variation 
 
 The summary of results for the 6-month monitoring is shown in Table 4. Since the 
MDL and LOQ established for the current method were relatively high, the results were 
presented as detected (det.) or not detected (n.d.). Detected concentrations were higher than 
the IDL but less than the MDL and LOQ. The results showed that BPA, EE2, and 4-NP 
compounds were present in the water environment where the samples were collected, 
although the frequency of detection was variable. In the month of August, all of the three 
EDCs in all of the sampling locations were detected. In September and October, all the three 
compounds were detected in wastewater effluents from both sites, and EE2 was detected at 
all sampling locations in the months of October and November. In December, only EE2 was 
detected in wastewater effluents at both sites, and also from the Huxley upstream discharge 
location. In January, none of the three compounds was detected at any sampling location. 
There was no additional experiment conducted in this study that could help explain 
the month-to-month variation in the detection of the three compounds. We can speculate that 
the rainfall event that occurred a few days before we collected the samples in August 
promoted the distribution of the EDCs into the streams. Reciprocally, low water flow 
because of winter in the month of January probably led to low levels of detection. 
 The three EDCs were more likely to be detected in the wastewater effluent samples 
than in the samples collected from the upstream and downstream locations. This result 
suggests incomplete removal of the compound during the treatment process, but we cannot 
report with confidence that the wastewater treatment plants were the sole sources of the EDC 
compounds. The compounds were also detected in both the upstream and downstream 
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locations, which could be attributed to other sources such as private sewage treatment 
discharges, run-off, and atmospheric deposition. 
Among the three compounds, EE2 was the most frequently detected. This suggests 
that EE2 persists longer during the treatment process, that it persists longer once it is in the 
environment, or that EE2 is used and released more abundantly than the other two 
compounds. 
Both BPA (a plasticizer) and 4-NP (a surfactant) have been known as endocrine 
system disruptors for a long time. Regulations in the use of these compounds have in place 
for some time, therefore the use of these compounds should have been already minimized. In 
fact, BPA-free plastic containers are now commonly advertised. Meanwhile, EE2 as the 
major component of birth control pills are still widely available. 
1.5 Conclusion 
 The increasing number of compounds that are produced and released into the 
environment greatly contributes to the challenges in environmental monitoring studies, but 
studying all the compounds that might be present, presents a formidable problem. In this 
study, we focused on simultaneously detecting three model compounds: BPA, EE2, and 4-
NP from wastewater effluents, upstream, and downstream discharge locations of two 
wastewater treatment facilities in Iowa. In the process of developing a reproducible detection 
method, we gained significant information that might be applicable in understanding other 
organic contaminants in similar environments.  
The selected EDCs were present at low concentrations, and the frequency of detection 
varied at each sampling location and each time of sampling. We are fortunate to have 
powerful instruments that can detect such compounds at ng L-1 levels. With this capability, 
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future monitoring studies will be able to factor in other environmental variables such as 
rainfall events, freezing, drought, and population density to bring us a step closer in 
understanding their distribution patterns. 
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Table 1.1 Product ions (m/z) generated after fragmenting the precursor ions  
(auto MS/MS) 
Compound Formula 
Weight 
Precursor ion 
(m/z) 
Product ions 
(m/z) 
Collision 
energy (V) 
Bisphenol-A 228.3 227 212, 133 1.5 
4-Nonylphenol 220.4 219 106, 122.2, 165 1.5 
17α-Ethinylestradiol 296.4 295 267, 185, 145 1.5 
 
 
 
 
 
Table 1.2. Selected inorganic analyses conducted for water samples 
Sample  pHa 
EC (mS cm-
1)a DOC (mg L-1)b TSS (mg L-1)b 
AWE 8.2±0.2 1.02±0.02 2-10 4-13 
AUD 8.2±0.1 0.76±0.07 3-8 5-20,184* 
ADD 8.2±0.1 0.76±0.08 2-7 6-20, 221* 
HWE 7.8±0.1 1.78±0.21 2-7 2-5 
HUD 8.2±0.1 0.77±0.02 3-6 4-13, 40* 
HDD 8.2±0.1 0.80±0.02 3-7 4-20, 130* 
AWE- Ames Wastewater Effluent, AUD –Ames Upstream Discharge, ADD – Ames Downstream Discharge,  
HWE- Huxley Wastewater Effluent, HUD – Huxley Upstream Discharge, HDD –Huxley Downstream  
*Discharge after rainfall event, aaverage ± standard deviation (n=6), brange  
 
 
 
Table 1.3. Detection limits and recovery 
Compound MDL LOQ IDL 
low level spike 
(50 ng) 
high level spike 
(2000 ng) 
 (ng L-1) (ng L-1) (mg L-1) ----------------- % ---------------- 
BPA 26 86 0.0005 83±6  88±8 
EE2 34 109 0.0005 73±7 82±4 
4-NP 24 80 0.005 68±5  85±3 
MDL- Method detection limit; LOQ – Limit of quantitation;  IDL – Instrument detection limit;‡ average ± 
standard error 
  
 
1
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Table 1.4. Summary of compounds detected during the six-month monitoring from August 2015 until January 2016 
 Aug Sep Oct Nov Dec Jan 
Compound BPA EE2 4-NP BPA EE2 4-NP BPA EE2 4-NP BPA EE2 4-NP BPA EE2 4-NP BPA EE2 4-NP  
--------------------------------------------------------------------ng L-1----------------------------------------------------------------------------  
AWE det. det. det. det. det. det. det. det. det. n.d. det. det. n.d. det. n.d. n.d. n.d. n.d. 
HWE det. det. det. det. det. det. det. det. det. n.d. det. n.d. n.d. det. n.d. n.d. n.d. n.d. 
AUD det. det. det. n.d. n.d. n.d. n.d. det. n.d. n.d. det. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
HUD det. det. det. det. n.d. n.d. n.d. det. n.d. n.d. det. n.d. n.d. det. n.d. n.d. n.d. n.d. 
ADD det. det. det. n.d. n.d. n.d. n.d. det. n.d. n.d. det. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
HDD det. det. det. det. n.d. n.d. n.d. det. n.d. n.d. det. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
det. – concentration detected above the IDL but less than the MDL; Method Detection Limits (MDL): BPA – 26 ng L-1, EE2 -34 ng L-1, 4-NP -24 ng L-1; 
n.d. – not detected BPA-Bisphenol-A, EE2-17α-Ethinylestradiol, 4-NP – 4-Nonylphenol; AWE –Ames Wastewater Effluent, HWE –Huxley Wastewater 
Effluent, AUD – Ames Upstream Discharge, HUD – Huxley Upstream Discharge, ADD – Ames Downstream Discharge, HDD – Huxley Downstream 
Discharge 
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Fig. 1.2 Extracted ion chromatogram for the simultaneous determination of (A) bisphenol-
A, (B) 17α-ethinylestradiol, and (C) 4-nonylphenol 
 
Fig. 1.1 Map of Iowa showing the sampling locations. The sampling sites used for the 
monitoring study within Story County are indicated by black dots (right). AWE = 
Ames Water Pollution Control Facility (waste effluent) (Latitude, Longitude = 
41.9414, -93.5615); AUE = Ames upstream site (41.9730, -93.5791); ADD = Ames 
downstream site (41.9504, -93.5512); Huxley Water Pollution Control Facility (waste 
effluent) (41.9033, -93.5691); Huxley upstream site (41.9046, -93.5694); Huxley 
downstream site (41.9086, -93.5606). 
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Fig. 1.3. Mass spectra and retention times of (A) bisphenol-A, (B) 17α-ethinylestradiol, and 
(C) 4-nonylphenol 
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CHAPTER 2.  EXTRACTION, CHEMICAL CHARACTERIZATION, AND ADSORPTION 
OF BIOSOLIDS-DERIVED DISSOLVED ORGANIC MATTER (BDOM) 
 
2.1  Introduction 
 
 Dissolved organic matter (DOM) can be transported in soil water because of its 
relatively small size (Kolka et al., 2008). DOM is operationally defined to pass through a 0.45-
μm filter membrane. Native DOM in soil can be derived from decomposed and solubilized 
animal and plant residues deposited on or below the soil surface. Although DOM comprises 
only a small portion of the total carbon pool, monitoring of DOM export to streams and rivers 
coming from agricultural landscapes and forested regions are conducted because it directly 
affects water quality (Royer and David, 2005; Creed et al., 2008). Also, Ekstrom et al. (2016) 
reported that the quality and therefore the reactivity to photooxidation or degradation of DOM 
varies and depends on the extraction method. The reactive and mobile nature of DOM makes 
it an important factor in biogeochemical processes observed in the environment (Deb and 
Shukla, 2011).  
 Land application of biosolids is a common agricultural practice in the midwestern 
United States. Recycling of biosolids is not only economical but it is also a source for plant 
nutrients and can improve the quality of the agricultural soil (Lu et al., 2012). However, upon 
land application, biosolids introduces exogenous DOM that may play a role in the transport of 
biosolids-borne pollutants, such as endocrine disrupting chemicals (EDCs), in the soil and 
water environment.  
Some aspects of the physical and chemical properties of biosolids-derived dissolved 
organic matter (BDOM) before it is introduced into the soil are likely to change upon 
interaction with the soil materials. Soil components act as filters that can either adsorb or 
desorb the BDOM, influencing the chemical composition of the adsorbed fraction and the 
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quality of the BDOM that is released in water environments (Kothawala et al., 2012). 
Characterization of both the adsorbed and the non-adsorbed portion of the BDOM will give 
insight concerning the possible interaction mechanisms between BDOM and soil components. 
For this study, BDOM was fractionated into its structural components, and an 
adsorption experiment was conducted by a batch equilibrium method. A commonly used 
fractionation scheme was adapted from Leenheer (1981) in which the bulk dissolved organic 
matter from natural waters and wastewater is fractionated into hydrophobic and hydrophilic 
fractions by using the DAX-8 resin, and the hydrophobic and hydrophilic fractions are further 
fractionated into their acid, base, and neutral components by using both cation and anion resin 
exchangers. The procedure has been utilized and modified since then to fractionate biosolids-
derived dissolved organic matter (Chefetz et al., 1998a; Han and Thompson, 1999; Mao et al., 
2003) and wastewater effluent-derived dissolved organic matter (Ma et al., 2001; Imai et al., 
2002; Ilani et al., 2005). 
The elemental analyses of biosolids and wastewater DOM fractions have shown that in 
general the hydrophobic DOM fractions have higher C (Han and Thompson, 1999) and N than 
hydrophilic fractions (Ma et al., 2001; Mao et al., 2003). When further fractionated into 
different molecular sizes, the trend for both hydrophobic and hydrophilic fractions is that the 
C: N ratio also decreases as the molecular size decreases (Mao et al., 2003). The hydrophobic 
acid (HoA) fraction dominates the hydrophobic fraction in the composted biosolid (Chefetz et 
al., 1998b), in the sludge sample (Maoz and Chefetz, 2010), in wastewater effluent (Ilani et al., 
2005), or from the natural waters (Ma et al., 2001; Imai et al., 2002), although the hydrophilic 
acid (HiA) is the most abundant among all fractions (Imai et al., 2002; Maoz and Chefetz, 
2010).  
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The hydrophobic acid (HoA) fraction is characterized by the dominant carboxylic acid 
functional groups evident in FTIR spectra at 1716-1720 and 1652 cm-1 (Ilani et al., 2005; 
Avneri-Katz et al., 2016). Chefetz et al. (1998b) suggested a polyphenol-humic structure for 
this fraction on the basis of 13C nuclear magnetic resonance analyses, and the hydrophobic 
neutral (HoN) fraction had more aliphatic moieties and less acidity relative to the HoA fraction 
(Chefetz et al., 1998; Ilani et al., 2005). The hydrophilic neutral fraction (HiN) has been 
reported to be composed of polysaccharide moieties, and the hydrophilic base fraction (HiB) 
was composed of proteins and amino acid complexes (Chefetz et al., 1998b; Imai et al., 2002). 
Qualls and Haines (1991) summarized the probable types of compounds that might 
constitute each of the fractions in dissolved organic matter in soils, as opposed to BDOM. 
Tannins, flavonoids, vanillin, long chain fatty acids, and humic-bound carbohydrates are 
examples of compounds in the HoA fraction. Chlorophyll, carotenoids, and phospholipids are 
examples of compounds likely to occur in the HoN fraction. The hydrophilic fraction 
compounds are carbohydrates with carboxylic acid groups (HiA); simple neutral sugars and 
alcohols (HiN); and proteins, free amino acids, and peptides (HiB). DOM derived from 
composted biosolids has been characterized by assigning formulas generated from the analysis 
of the structural fractions using Fourier transform ion cyclotron resonance mass spectrometry. 
For example, Avneri-Katz et al. (2017) reported that lignin-like and carboxylic-rich alicyclic 
molecules (CRAM) dominated in composted biosolids, comprising about 35% and 33%, 
respectively. CRAM was also well documented as the major carbon component in the 
hydrophobic organic acid fraction of DOM found in the Yukon Rover (Cao et al., 2016). 
Some researchers have previously studied the interactions of DOM with soil samples 
or other adsorptive materials, e.g., DOM extracted from different soil horizons (Kothawala et 
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al., 2012), fulvic and humic acids from soils and surface water and their interaction to goethite 
(Kaiser, 2003), and DOM extracted from composted biosolids and its interaction with clayey 
soil (Avneri-Katz et al., 2017) and to single-walled carbon nanotube (Engel and Chefetz, 
2015). Previous studies have used a variety of different experimental set-ups and analytical 
methods for characterization of the adsorbed and non-adsorbed fractions of DOM.  
For the clayey soils studied by Avneri-Katz et al. (2017), about 70% of the structural 
fraction that was adsorbed came from the HoA components of DOM, followed by the 
components coming from the HiN fractions. The preference in adsorption however was greatly 
influenced by the concentration of carbon loaded during the adsorption process (Avneri-Katz 
et al., 2017). For high pH and low organic soil materials, Oren and Chefetz (2012) reported 
that aromatic, carboxylic and phenolic components were dominantly adsorbed. Inner-sphere 
ligand exchange complexation mechanisms were proposed to be responsible for irreversible 
adsorption (Oren and Chefetz, 2012). 
The present study explores the interaction and characterization of anaerobically 
digested biosolids-derived dissolved organic matter with sandy loam and clayey soil materials 
that can be found on floodplains where biosolids are often land applied in Iowa. 
2.2 Objectives 
 
 This chapter aims to generate information on the adsorptive behavior, distribution of 
structural components, and FTIR and 13C-NMR characterization of biosolids-derived 
dissolved organic matter (BDOM). The information collected will give insight on the 
preference of BDOM either to adsorb to the soil or move with the soil water. When BDOM is 
adsorbed to the soil, which structural components of the BDOM are retained and what soil 
component are responsible? 
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2.3 Materials and methods 
 
2.3.1 Sample collection and processing 
 
2.3.1.1 Soil samples 
 
 The Hanlon soil sample was collected from the Hinds Farm, Ames Iowa (UTM 
coordinates: 15T 448989m E 4656477m N) and the Zook soil sample was collected from a 
field near the Wastewater Pollution Control Facility, Ames Iowa (UTM coordinates 15T 
453182m E 4644834 m N). The collected soil samples were air dried and sieved to less than 
2-mm particle size.  
 For the adsorption experiment, both soil samples were washed with 0.005M calcium 
chloride (2.5 g: 40 mL soil to solution ratio) 5 times or until the total carbon concentration 
was about the same value as with the distilled deionized water, in the range of 0.004 mg L-1. 
The washing steps included shaking, centrifuging at 8000 rpm, and separating the liquid 
component from the soil samples by decanting. The washed soil samples were air dried. 
 Physical and chemical characterization of both the washed and the unwashed soil 
samples were also determined. The particle size distribution analysis was conducted using 
the pipet method (Gee and Bauder, 1986), and the specific surface area was conducted using 
the ethylene glycol monomethyl ether (EGME) method (Heilman et al. 1965, Pennell 2002). 
The pH was measured both in 1:1 soil to water and 1:1 soil to 0.01 M CaCl2 ratios using the 
Thermo Scientific Orion StarTM meter. The extractable iron concentrations were determined 
both by ammonium oxalate method to estimate the amount of poorly crystalline iron oxides 
and the citrate-bicarbonate dithionite method to estimate the total concentration of free iron 
oxides (Shang and Zelazny, 2008). 
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 Subsamples of the air-dried soil were finely ground for the analyses of total carbon 
and total nitrogen by high temperature combustion method using the Carlo Erba NA1500 
NSC elemental analyzer (Haake Buchler Instruments, Paterson, NJ).  
2.3.1.2 Biosolids samples  
 
 Samples of anaerobically digested biosolids were collected from Ames Wastewater 
Pollution Control Facility. The sample consisted of biosolids that had undergone physical 
and chemical treatment for digestion in preparation for land application. Samples were 
collected in buckets, stored in a cold room at 4°C, and further processed as soon as possible. 
 The biosolids sample was mixed with water at a 1:1 volumetric ratio, and the mixture 
was poured into a 250-mL centrifuge bottle, shaken for 30 minutes and weighed before a 
series of centrifugation steps was conducted. The well-mixed sample was centrifuged 
(Sorvall® GSA rotor) at 104 g (800 rpm) for 10 minutes to remove large particles. The 
supernatant was again centrifuged at 366 g (1500 rpm) for 11 minutes to remove additional 
large particles. These centrifugation steps were designed to isolate a biosolids suspension 
with particles of 1 μm or less in diameter. Another centrifugation at 1017 g (2500 rpm) for 20 
minutes was conducted on the collected supernatant to isolate in the suspension particles with 
an effective settling diameter of 0.45 μm or less. The supernatant was passed through a 0.45 
μm Supor® filter membrane to collect the bulk biosolids-derived dissolved organic matter 
(BDOM). The collected filtrate was concentrated using a rotary evaporator with the water 
bath set at 40°C. The concentrated samples were freeze-dried and stored in a desiccator until 
further analyses. 
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2.3.2 Biosolids adsorption to two Iowa soils 
 
 The adsorption of BDOM to Hanlon and Zook soil samples was conducted by a batch 
equilibrium experiment using glass tubes and performed in triplicate. Concentrations of 
BDOM from 0 to 60 mg L-1 were prepared from a stock solution created by dissolving an 
appropriate amount of freeze dried BDOM in 0.005 M CaCl2 solution. 
 The solid-to-solution ratio of 2.5 g of soil to 40 mL of solution (selected according to 
a preliminary experiment) was used in the adsorption experiment. The soil-BDOM mixture 
was shaken for 36 hours; afterwards, the sample was centrifuged, filtered through 0.45 μm 
filter, and then the dissolved organic carbon (DOC) content was determined in the filtrate. 
 The DOC concentration present in the aqueous solution (C) was plotted on a graph 
against the amount of BDOM-C adsorbed (Q) to the soil to generate the isotherm. The 
amount of BDOM-C (Q) that was adsorbed was calculated by the difference between the 
initial concentrations of BDOM-C introduced to the soil samples and the concentrations 
remaining from the aqueous solutions after the equilibration period. 
 The non-linear isotherm was fitted to a Langmuir model (Eq. 1) by least squares 
approach using the OriginLab 2017 software (Northampton, MA). The model parameters Qsat 
and K were calculated to determine the predicted maximum adsorption capacity and the 
adsorption intensity, respectively. 
  𝑄 =
𝑄𝑠𝑎𝑡∗𝐾∗𝐶
1+𝐾∗𝐶
      Eq. 1 
2.3.3 Biosolids-derived dissolved organic matter fractionation (BDOM) 
 
The fractionation procedure used was modified from the procedure of Leenheer 
(1981), Chefetz et al. (1998), Engel and Chefetz (2015), and Avneri-Katz et al. (2016). The 
bulk DOM samples were fractionated into five fractions based on their hydrophobicity: 
25 
 
 
hydrophobic acid (HoA), hydrophobic neutral (HoN), hydrophilic acid (HiA), hydrophilic 
base (HiB), and hydrophilic neutral (HiN).  
Control BDOM samples were fractionated at two different times: first as a control 
sample before the BDOM sample was adsorbed to the Hanlon soil material, and second as a 
control sample before the BDOM sample was adsorbed to the Zook soil material. Briefly, a 
solution of 40 mg L-1 of BDOM-carbon was prepared from the freeze-dried, bulk BDOM 
sample by using 0.005 mol L-1 of calcium chloride as the background solution. The solution 
was then acidified to pH 3 by adding in drops of either 1 or 0.1 mole L-1 hydrochloric acid.  
A calculated volume of solution was loaded into the SupeliteTM DAX-8 resin column by using 
a ratio of 1 mg BDOM carbon to 2 mL DAX-8 ratio (Avneri-Katz et al., 2017). The 
hydrophilic fraction passed through the column, and the hydrophobic fraction was retained in 
the column. The hydrophobic acid (HoA) fraction component was eluted by passing 0.25 
pore volume of 0.1 mole L-1 sodium hydroxide through the column, followed by one pore 
volume of water. Hydrophobic neutral (HoN) fraction was desorbed from the DAX-8 resin 
by Soxhlet extraction with methanol as the solvent. The methanol was evaporated, replaced 
by water, and the sample was freeze-dried. 
The hydrophilic fraction was further fractionated into its acid, base, and neutral 
components by a series of glass column separations. First, the pH of the hydrophilic fraction 
was adjusted to 3 by addition of either 1 or 0.1 mole L-1 hydrochloric acid and loaded into the 
Amberlyst®-15 cation exchanger column. The fraction that passed through the column was 
collected as the hydrophilic acid (HiA). The hydrophilic neutral component (HiN) and the 
hydrophilic base (HiB) component that were retained in the column were extracted from the 
resin with one pore volume of 0.1 M NH4OH followed by one pore volume of water.  
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The pH of the HiA and HiN fractions was adjusted again to pH 3 before loading into 
Amberlyst®-21 anion exchanger column. The fraction that passed through that column (and 
had passed through all the previous columns) was collected as the hydrophilic neutral 
fraction. The hydrophilic acid fraction was extracted from the anion exchange resin with two 
pore volumes of 1 M NaOH followed by one pore volume of water. 
To determine the BDOM fractions that were differentially adsorbed by the soil, 15.6 
g of soil material were mixed with 250 mL of a BDOM solution with a DOC concentration 
of 40 mg L-1, maintaining the soil to solution ratio as in the adsorption experiment. Control 
samples and samples shaken with soils were prepared and fractionated in triplicate. 
2.3.4 Sample characterization 
 
 The extracted and freeze-dried biosolids-derived dissolved organic matter (BDOM) 
fractions were characterized by Fourier transform infrared spectroscopy (FTIR) and by 
elemental analysis (C, H, N, and S) using the Perkin Elmer 2100 Series II CHN/S Analyzer 
submitted to the Chemical Instrumentation Facility of Iowa State University. Selected 
BDOM fractions were also characterized by 13C-nuclear magnetic resonance. 
2.3.4.1. 13C-NMR 
 
The freeze-dried BDOM fractions were mixed well, packed in NMR rotors, and were 
submitted to the laboratory of Dr. Klaus Schmidt-Rohr at Brandeis University. Solid-state 
13C-NMR spectra of the bulk BDOM and the structural fractions were collected using the 
multiple cross polarization (multiCP) technique. To distinguish the non-protonated carbon 
and the mobile carbon groups (i.e., –CH3), the combination of multiCP and the recoupled 
dipolar dephasing (multiCP/DD) was applied (Cao et al., 2016 and relevant references cited 
therein). 
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2.3.4.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 
 
Freeze-dried BDOM and potassium bromide (KBr) were ground separately to < 2 μm 
sample size using a ball mill grinder. Using a spatula, a mixture of ground, freeze-dried 
BDOM and IR-grade potassium bromide was prepared at 2% (w/w). The mixture was 
analyzed using a Nicolet Magna-IR 560 spectrometer equipped with deuterated triglycine 
sulfate (DTGS) detector and KBr beam splitter. A total of 200 scans were collected and a 
pure KBr sample was used as a background scan to correct each sample scan.  
The fractionated BDOM samples were analyzed by FTIR with no KBr matrix because 
of the small amount of the freeze-dried fractionated samples. In this case, an empty sample 
holder was also scanned for the background correction. 
2.3.4.3 Elemental Analysis 
 
 The bulk BDOM and the fractionated freeze-dried samples were submitted to the 
Chemical Instrumentation Facility at Iowa State University for carbon, hydrogen, nitrogen, 
and sulfur elemental analysis using a Perkin Elmer 2100 Series Analyzer. 
2.4. Results and Discussion 
2.4.1 Characterization of soil materials 
 The two soil samples used in the adsorption experiments are the sandy loam textured 
Hanlon and clay textured Zook soil samples. Chemical and physical properties (determined 
after preparation for the adsorption experiment) that differentiate the two soil samples are 
presented in Table 2.1 Relative to the Hanlon soil sample, the Zook soil sample has greater 
total carbon and total nitrogen concentrations at 28.5 g kg-1 and 2.4 g kg
-1, respectively. The 
Zook soil sample has less sand, more clay, a higher specific surface area, and more 
extractable iron. The water and the 0.01 M CaCl2 pH values for both soils were about pH 7. 
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2.4.2 Characterization of bulk BDOM  
 
The DRIFT and the 13C-NMR spectra of the bulk BDOM are shown in Fig. 2.1 and 
Fig. 2.2, respectively. For the functional group peak assignment and interpretation of DRIFT 
spectra, the study of Mao et al. (2003) was used as a reference; the peak assignments are 
summarized in Table 2.3. The broad band at 3305 cm-1 can be attributed to the O-H stretch of 
hydroxyls or N-H stretch of amides. The spectral band at 2935 cm-1 reflects the asymmetric 
C-H stretch of aliphatic CH2 and CH3. The bands at 1653 cm
-1 are attributed to the carbonyl 
carbon stretching from amide moieties or from asymmetric carboxylate stretching. The peak 
at 1506 cm-1 was interpreted to be N-H or C-N stretch of primary amides, and the peak at 
1068 cm-1 was assigned as C-C or –C-O-C stretching of polysaccharides. Some of the peaks 
observed were considered unknown spectral reflections that do not correspond to common 
organic functional groups. The unknown spectral reflections were suspected to come from 
the sample holder. 
The 13C-NMR spectra showed an abundance of N-acetylated carbohydrates and 
aromatic compound, from which we speculated that the N-acetylated carbohydrates are 
probably derived from the peptidoglycan component of bacterial cell walls. The bulk BDOM 
spectra showed similarities to the structure of the high molecular weight hydrophobic 
component fractionated from biosolids as reported by Mao et al., (2003) and dissolved 
organic matter isolated from freshwater (Bianchi et al., 2004). The strong OCH/NCH 
between 55 and 65 ppm and the OCO at 100 ppm designates the polysaccharide fraction, and 
aromatic and aliphatic components are represented at 130 ppm and near 33 ppm, respectively 
(Mao et al., 2003). 
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2.4.3 Characterization of the BDOM fractions 
 Characterization of the structural fractions generated from the control and non-
adsorbed BDOM samples did not show distinct functional group differences when analyzed 
with FTIR. For this study, only the DRIFT spectra of the control BDOM fractions were 
presented. 
The DRIFT spectra of the HoA and the HoN fractions are shown in Fig. 2.1B and Fig 
2.1C, respectively. The peak assignments are summarized in Table 2.3. Both fractions have 
broad peak at around 3300 cm-1 that reflects the –O-H or N-H stretch of alcohols. Both 
fractions indicate the presence of –CH2 and –CH3 functional groups by aliphatic peaks near 
2854 to 2958 cm-1. The 1734 cm-1 peak on the HoA fraction was assigned to the carboxylic 
acid functional groups, while the 1674 cm-1 peak on the HoN fraction reflects the presence of 
carbonyl carbon. Also, the peak assignments near 1506-1595 cm-1 and at about 1020-1163 cm-
1 were interpreted to be due to amide and carbohydrate components, respectively. The HoA 
fraction from our study displayed functional groups similar in some respects to those present 
in the HoA fractions from other studies. For example, Ilani et al., (2005) described the HoA 
fraction of their study to be dominated by the carboxylic acid functional groups as indicated 
by the FTIR spectra peaks at 1716-1720 cm-1, while Avneri-Katz et al., (2016) showed in their 
results that HoA fraction was dominated by aliphatic and aromatic carbon components. 
 FTIR spectra of the HoA and the HoN fractions indicate that the HoN fraction is 
richer in aliphatic carbon (-CH2,-CH3) (Fig. 2.1). There is less evidence of carboxylic acid 
groups, represented by the carbonyl carbon peak in HoN at 1674 cm-1 instead of the 
carboxylic acid group at 1734 cm-1. Chefetz et al., (1998) and Ilani et al., (2005) also 
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described the HoN fraction from their studies to have the similar functional group 
characteristic as observed in the present study. 
The 13C-NMR spectra of HoA and HoN fractions are shown in Fig. 2.2. The HoA and 
HoN fractions both exhibit aromatic carbon components and the carboxylate components. The 
carboxylate moieties observed in the spectra are interpreted to be components of carboxyl-rich 
alicyclic molecules (CRAM) and not associated with carbohydrates because the spectral signal 
was not associated with protonated anomeric O-C-O groups (as interpreted by Cao et al., 
(2016)). CRAM are one of the major classes of DOM compounds, wherein several observed 
functional groups (CH3/CH2/CH/COO/ketone-C) are grouped together (Cao et al., 2016).   
 The FTIR spectra of HiA, HiB, and HiN are presented in Figs. 2.1D, 2.1E, and 2.1F, 
respectively. The HiA fraction was characterized by the presence of carboxylic acid peaks 
around 1772 cm-1, carbonyl carbon at 1668 cm-1, and a sharp peak at 3579 cm-1 which was 
interpreted as peak of free –OH (alcohol). The HiB fraction functional groups prevalent in 
the spectra are 3244 cm-1, which is interpreted as an O-H or N-H stretch, 2933 cm-1 
indicating the aliphatic –CH2 and –CH3 stretch, and 1740 and 1674 cm-1 which indicates the 
presence of carboxylic acid group and carbonyl carbon, respectively. Peaks at 1552 cm-1 
indicate N-H amine or C-N amine stretch. Some examples of compounds are likely to occur 
in the HiB fraction are free amino acids, aromatic amines, and amines (Qualls and Haines, 
1991). The HiN fraction also exhibits peaks interpreted as representing O-H or N-H bonds, 
aliphatic carbon, carboxylic acid, and carbonyl groups. In the fingerprint region, –C-C, -C-O-
C (polysaccharides) are apparent. The prevalence of the –C-C, -C-O-C peaks in the HiN 
fraction is consistent with the results of Qualls and Haines, (1991) and Chefetz et al., (1998) 
that HiN fraction is composed of simple sugars and non-humic bound polysaccharides.  
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The peaks at 1497 cm-1 of the HiA fraction and the peak at 1468 cm-1 of the HiN 
fraction are believed to represent a carbonate contaminant. Fig 2.3 shows a comparison of the 
spectra of HiA, HiN, and pure sodium carbonate, suggesting that the peak at around 1450 cm-
1 was due to carbonate contamination. Because it also appeared in the 13C-NMR spectra of 
the bulk BDOM sample, the carbonate may have been present in the original BDOM sample 
or it could also be a by-product formed during the fractionation procedure. 
Elemental analysis (Table 2.2) shows that the two dominant fractions, HoA and HoN 
have high values for the carbon to nitrogen ratio. This is consistent with previous elemental 
analyses of biosolids and wastewater DOM fractions. For example, Ma et al. (2001) and Mao 
et al., (2003b) reported that in general the hydrophobic DOM fractions have higher C and N 
than hydrophilic fractions (Ma et al., 2001; Mao et al., 2003). When further fractionated into 
different molecular sizes, the trend for both hydrophobic and hydrophilic fractions is that the 
C: N ratio also decreases as the molecular size decreases (Mao et al., 2003). 
Among the fractions, sulfur content was highest in the HoA, HiA, and HiB fractions 
at 3.8, 9.1, and 4.2 gram per 100 grams, respectively. These three fractions were also the 
fractions that were observed to adsorb well to the soil materials, but there is not enough 
information from this study to speculate about the correlation of sulfur content and 
adsorption. 
2.4.4 Bulk BDOM adsorption to Hanlon and Zook soil samples 
 
  The adsorption of BDOM by two Iowa soil materials resulted in non-linear 
isotherms. The data points were fitted using a Langmuir model (Fig. 2.4) with R2 of 0.94 and 
0.93 for Hanlon and Zook soils, respectively. The predicted maximum adsorption capacity 
(Qsat) of the Zook soil sample was about 3.5 times higher than that of the Hanlon soil sample. 
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This could be attributed to higher surface area of the Zook soil. Other properties of the 
sorbent such as the higher carbon content, clay, and extractable iron values of Zook soil 
greatly impact its adsorptive capacity relative to the Hanlon soil sample (Table 1). However, 
the adsorption intensity was the same for both soils (K=0.015 L mg-1), and appears to be low. 
This suggests that the physical and chemical properties of the bulk BDOM do not lead to a 
strong affinity of the BDOM for the soil materials. Instead, BDOM prefers to associate with 
the aqueous phase.  
 When the isotherms were fitted to the Freundlich equation, Csolid=KFC
n
solution, the R
2 
values were 0.97 for both soil samples. The n values were 0.76 and 0.73 for Hanlon and 
Zook soil samples, respectively. The similarity of the exponential values tells us that the 
range of energies of adsorption were at different sites with the BDOM were very similar. The 
index of adsorption capacity, KF were 4.13 and 15.8 ((mg/kg)/(mg/L))
n for Hanlon and Zook 
soil samples, respectively. The KF values suggests that the predicted adsorption capacity of 
Zook soil sample is about 3 times as much as the adsorption capacity of the Hanlon soil 
sample.  
2.4.5 Fractionation by adsorption to soil 
 
The distributions of the control and non-adsorbed structural fractions of BDOM are 
presented in Fig. 2.5. The bulk (control) BDOM was dominated by HoA and HoN fractions. 
In other studies, the HoA fraction dominated among the components of the hydrophobic 
fraction in DOM of composted biosolids (Chefetz et al., 1998b), sludge samples (Maoz and 
Chefetz, 2010), wastewater effluent (Ilani et al., 2005), and the natural waters (Ma et al., 2001; 
Imai et al., 2002), although the hydrophilic acid (HiA) was the most abundant fraction among 
all fractions (Imai et al., 2002; Maoz and Chefetz, 2010).  
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In the distribution of structural BDOM fractions of the control samples (prepared 
immediately before the fractionation-adsorption experiment for each soil material), there was 
little variability in HoA, HoN, and HiB fractions. In contrast, the HiA and HiN differed in the 
two control fractionations (Fig 2.5, shaded bar graphs of Hanlon and Zook soil samples). The 
HiA fraction accounted for about 19% of the carbon in the first fractionation but 9% in the 
second fractionation. Meanwhile, the HiN fraction accounted for of 7% and 17% of the 
carbon during the first and the second fractionation, respectively. We speculate that the 
difference in the fraction distribution between the HiA and the HiN fractions may be due to 
the presence of sodium carbonate in the sample. The carbonate was also noted in the 13C-
NMR spectra of the bulk BDOM sample (Fig 2.2A) and from the bulk BDOM sample, the 
carbonate is expected to partition to the hydrophilic fraction because of its high solubility in 
water.  Depending on the amount of carbonate in the sample during fractionation, the pH of 
the system could have been buffered when the sample was acidified, affecting how the 
functional group components in both the HiA and HiN fractions partitioned between the two 
fractions.  
 Fractionation was conducted for both the control and the BDOM supernatant (shaken 
with the soil) to determine which structural fractions could be adsorbed to the soil samples. 
Following the method of Avneri-Katz et al. (2017), the extent to which a particular structural 
fraction was adsorbed to the Hanlon or the Zook soil samples was determined from the 
difference in the percentage of the fraction (as measured by the DOC concentration) in the 
control and its percentage in the supernatant of the solution that had been shaken with the soil 
material. The percentages of structural fractions adsorbed to the soil are presented in Fig. 2.6.  
For both soil materials, the charged fractions, HoA, HiA, and HiB, were adsorbed, primarily 
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the HiA fraction. Because the percentages of the fractions must sum to 100%, what appears 
to be “negative adsorption” in Fig. 2.6 represents an enrichment in the two neutral fractions, 
HiN in the Hanlon system and HoN in the Zook system. Preferential adsorption of the 
hydrophobic fraction of DOM has been reported for forest soils (Kaiser et al., 1996), clay soil 
(Avneri-Katz et al., 2017), and single-walled carbon nanotubes (Engel and Chefetz, 2015). 
Moreover, Kaiser et al. (1996) observed that during adsorption of hydrophobic DOM to soil, 
hydrophilic DOM could be simultaneously released, suggesting competition between the two 
fractions and displacement from the adsorbing sites. 
2.4.6 Proposed adsorption mechanisms 
 Some adsorption mechanisms may be proposed to explain the interaction of the 
adsorbed structural fractions (HoA, HiA, and HiB). The dominant mechanism for adsorption 
of the HoA fraction to the soil samples is likely to be the association of the HoA fraction to 
the negative sites of the clay mineral through cation bridging. The clay fraction of Iowa soils 
such as Zook is dominated by the clay mineral smectite (e.g., Carmo et al., 2000) which has 
permanent negative charges. The negatively charged smectite attracts positively charged ions 
that could serve as adsorption sites for the negatively charged (dissociated) functional groups 
associated with the HoA fractions. An illustration of the cation bridging mechanism is shown 
in Fig. 2.7a. 
Another possible mechanism in the adsorption of the HoA fraction to the Hanlon and 
Zook soil sample is by hydrophobic partitioning.  Characterization of the HoA revealed that 
it is characterized by the presence of carboxylic acid groups and hydroxyl groups but also by 
relatively hydrophobic aromatic and aliphatic moieties. The hydrophobic portion will most 
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likely associate by partitioning to the hydrophobic components in organic matter of the soil 
or to low-charge smectite surfaces.  
Compared to the HoA fraction, the HiA fraction is also characterized by the presence 
of carboxylic acid functional groups. Since the pH of the system during the adsorption 
process is around 7, and the negative logarithm of the acid dissociation constant of 
carboxylic acid functional groups (pKa) in DOM is typically less than 4, we expect the 
carboxylic acid functional groups to be dissociated and negatively charged. The negative 
charges coming from HiA structural fraction component will associate by cation bridging to 
clay mineral as in Fig. 2.7a.  
The HiB fraction, represented by free amino acids, aromatic amines, and amines 
(Qualls and Haines, 1991), may associate directly with negatively charged clay mineral 
surfaces by electrostatic attraction since amines will most likely be protonated at pH values 
of around 7. An illustration of the electrostatic attraction mechanism is shown in Fig. 2.7b. 
2.5. Conclusions 
 
 The heterogeneous chemical characteristics of the dissolved organic matter (DOM) 
extracted from the anaerobically digested biosolids were consistent with DOM extracted 
from soil, river water, or composted biosolids. The BDOM was dominantly characterized by 
N-acetylated carbohydrates and aromatic compounds. We speculate that the N-acetylated 
carbohydrates are probably derived from the peptidoglycan component of bacterial cell walls. 
Hydrophobic structural fractions comprised a large portion of the bulk BDOM sample than 
the hydrophilic fractions. 
 The strength of adsorption of BDOM to two soils was low, as indicated by the 
Langmuir coefficient, K = 0.015 L mg-1 for both soils. The total percent adsorption based on 
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the difference between the control and BDOM supernatant (after shaking with the soil) of 
HoA, HiB, and HiA was also relatively low with about 10% and 8% for Hanlon and Zook 
soil samples, respectively. When the structural fractions for both the control and BDOM 
supernatant fractions were analyzed by FTIR, there was no changes in the distinct functional 
group features. However, the 13C-NMR and the FTIR spectra of the bulk and the structural 
fractions provided good insight on the chemical characteristics of the fractions that could be 
related to the selected chemical properties of the two soils. The clay mineralogy of Iowa soils 
predominantly consists of smectite minerals. Also, even though we quantified citrate-
bicarbonate-dithionite and ammonium oxalate extractable iron oxides, we think that with the 
working pH of around 7 used in this study, positive charges from the mineral component will 
not likely be available. The proposed dominant mechanisms for adsorption for the HoA, HiA, 
and HiB fractions are cation bridging, partitioning, and electrostatic attraction. 
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Table 2.1. Selected chemical and physical properties of Hanlon and Zook soil samples 
after washing with 0.005 M CaCl2 
Properties Hanlon Zook 
Total Carbon (g kg
-1
) 13.3 28.5 
Total Nitrogen (g kg
-1
) 1.2 2.4  
Soil texture Sandy Loam Clay 
Particle size distribution (determined on 
unwashed sample) 
  
          Sand (g kg
-1
) 770 140 
          Silt (g kg
-1
) 80 250 
          Clay (g kg
-1
) 160 610 
Specific surface area (m2 g-1) 7 36 
pH (1:1) 
  
         Water 7.60 7.45 
         CaCl
2
 (0.01 M) 7.00 7.10 
Extractable Fe concentration (g Fe kg
-1
 soil) 
  
Ammonium oxalate method 1.2 5.6 
Citrate-bicarbonate dithionite method 2.4 6.2 
 
 
 
 
Table 2.2. Carbon, hydrogen, nitrogen, and sulfur concentrations of BDOM 
 (g/100 g) 
Fractions C H N S C:N 
Bulk DOM 13.6±0.2 2.3±0.2 1.8±0.1 2.4±0.8 8 
HoA 40.7±0.7 5.1±0.01 2.6±0.2 3.8±0.5 16 
HoN 13.5±0.6 7.1±0.2 0.2±0.1 0.8±0.004 68 
HiA 5.5±0.3 1.8±0.1 0.7±0.4 9.1±0.6 8 
HiB 33.6±0.4 5.3±0.1 6.3±0.1 4.2±0.4 5 
HiN 7.3±0.2 1.4±0.4 -- 0.2±0.1 -- 
Values are reported as average of triplicate analyses ± standard deviation  
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Table 2.3 DRIFT spectra peak assignments 
Wavenumber (cm-1) Peak Interpretation Reference 
3579 (sharp) -OH (free)  
3290-3300 (broad) -O-H, N-H Mao et. al 2003 
2683-3064  -CH2, -CH3  
1734-1774 -COOH  
1506-1595 
1417-1429 
-NH, C-N (amide) 
unknown spectral reflections a 
 
1456-1468 
1369 
1228-1252 
carbonate 
unknown spectral reflections a 
unknown spectral reflections a 
 
1020-1163 C-C, C-O-C, CH2-OH 
stretching (polysaccharides) 
 
866-881 =C-H, =CH2  
a Unknown spectral reflections do not correspond to common organic functional groups. We 
suspect they are spectral reflections from the sample holder. 
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Fig. 2.1. DRIFT spectra of bulk BDOM (A), hydrophobic acid (B), hydrophobic neutral 
(C), hydrophilic acid (HiA), hydrophilic base (HiB), and hydrophilic neutral (HiN) 
 
Fig. 2.2. 13C-NMR of bulk BDOM (A), hydrophobic acid (B), and hydrophobic neutral 
(C) fractions 
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Fig. 2.3. DRIFT-FTIR spectra comparing the HiA and HiN BDOM structural fractions to 
the DRIFT-FTIR spectra of pure sodium carbonate (Na2CO3) 
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Fig. 2.4. Adsorption isotherms and model fit of BDOM adsorbed to Hanlon and Zook soil 
samples 
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Fig. 2.5. Percent structural fraction distribution of control BDOM (shaded) and non-
adsorbed BDOM (open) to (A) Hanlon and (B) Zook soil samples 
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Fig. 2.6. Percent BDOM structural fractions adsorbed to the (A) Hanlon and (B) Zook soil 
samples 
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smectite 
Fig. 2.7 Illustration showing (A) cation bridging between benzoate as example of HoA fraction 
component and the mineral component of the soil sample and (B) electrostatic attraction between 
alkylammonium as example of HiB fraction component and the mineral component of the soil sample 
smectite 
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CHAPTER 3.  SORPTION OF SELECTED ENDOCRINE DISRUPTING CHEMICALS 
TO TWO IOWA SOILS 
 
3.1 Introduction 
 
Since the 1990s, research studies on endocrine disrupting chemicals (EDCs) have 
focused on the disrupting effects to wildlife and humans (Mills and Chichester, 2005; 
Mclachlan and Martin, 2006; Barber et al., 2007; Kidd et al., 2007; Schoenfuss et al., 2008; 
Writer et al., 2010); on the quantification and detection in wastewater effluents and surface 
waters (Gomes et al., 2003; Hernando et al., 2004; Focazio et al., 2008; Sim et al., 2011), in 
soil samples, biosolids, and sediments (Petrovic et al., 2001); and on fate and transport of 
EDCs in the soil environment (Fent et al., 2003; Giger et al., 2009; Li et al., 2013a; c, 2014, 
Goeppert et al., 2014, 2015). Among the major research areas mentioned above, the fate and 
transport of EDCs remains the most difficult to predict (Bradley and Kolpin, 2013). There are 
thousands of EDCs and potential EDCs with highly diverse physical and chemical properties 
(Diamanti-Kandarakis et al., 2009), and the soils that they interact with also have highly 
diverse properties. Such diversity contributes to the complexity of the fate and transport 
studies (Li et al., 2013).  
One approach to predicting the fate of EDCs is based on adsorption isotherms. The 
batch equilibrium method is simple compared to other methods (Limousin, 2007), and it was 
chosen for the present experiment. Model fitting of adsorption isotherms provides parameter 
values that can be compared to other experimental results. The most common model used to 
characterize non-linear adsorption of BPA,17β-estradiol (E2), EE2, and 4-NP is the 
Freundlich model (Fent et al., 2003; Bonin and Simpson, 2007; Xie et al., 2008; Sun et al., 
2010; Li et al., 2013c, 2014). From the Freundlich model, the KF and n parameters represent 
the adsorption affinity and an index of heterogeneity of adsorption energies (Table 3). Linear 
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models for the adsorption of 17β-estradiol (E2) (Casey et al., 2005; Xie et al., 2008) and 
more complicated models such as the combined Freundlich-Langmuir model have also been 
used (Limousin, 2007).  
Sorption behaviors of hydrophobic non-ionic compounds such EE2, BPA, and 
phenanthrene to different size fractions of soils and sediments suggest that organic carbon 
may regulate adsorption (Bonin and Simpson, 2007; Sun et al., 2010; Gebremariam et al., 
2012; Lima et al., 2012) to a greater degree than the surface area of the size fractions (Sun et 
al., 2012). When moving through soil, free, non-conjugated estrogen molecules are retarded 
and degrade faster than when they are conjugated (Goeppert et al., 2015). Independent of the 
soil type, 14C-bisphenol-A was found to dissipate rapidly and was undetectable in the soil 
after three days of incubation, probably by strong binding to soil residues (Fent et al., 2003).  
 In the adsorption of organic compounds, complete reversibility is not often observed 
due to apparent adsorption-desorption hysteresis (Limousin, 2007; Gebremariam et al., 2012) 
which can be evaluated by comparing the phase distribution of the solute after adsorption to 
the phase distribution of the solute after desorption (Huang et al., 1998). Adsorption 
hysteresis is commonly observed in organic compounds adsorbed to soil (Lu and Pignatello, 
2002; Sander et al., 2005; Gebremariam et al., 2012), carbon nanomaterials (Pan et al., 2008), 
charcoal particles (Braida et al., 2003), and aliphatic and aromatic components of soil organic 
matter (Gunasekara and Xing, 2003). The degree of hysteresis has been attributed not only to 
the fractions with higher carbon content but also to the location or accessibility of the organic 
matter components (Li et al., 2013a). Some mechanisms proposed to explain the difference in 
the mechanistic pathway between adsorption and desorption were irreversible pore 
deformation by the solute, formation of metastable states of adsorbate (Lu and Pignatello, 
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2002; Braida et al., 2003; Sander et al., 2005), dual mode sorption to organic matter due to its 
heterogeneity (Gunasekara and Xing, 2003), and the observed enhanced adsorption of polar 
organic compounds when the system is chemically disrupted by surface capping or that the 
dissolution causes non-equilibrium and therefore enhanced the sorption when studying polar 
organic compounds (Rasamimanana et al., 2017).  
Since adsorption hysteresis greatly affects the fate and transport of organic 
contaminants, a means of quantifying it is needed. One approach is to determine the 
hysteresis index (HI), which can be used to compare the degree of hysteresis of one adsorbate 
to another. For this study, hysteresis index calculation was based on adsorbed concentrations 
(Huang et al., 1998; Weber Jr. et al., 1998). 
3.2 Objectives 
The objectives of this study were to compare the adsorption and desorption behavior 
of three model environmental EDCs with two model Iowa soils and to interpret their 
adsorption isotherms and model-fitting parameters with those of similar studies. 
3.3 Materials and Methods 
 
3.3.1 Chemicals and Reagents 
 
The compounds used in the study, bisphenol-A (BPA), 17α-ethinylestradiol (EE2), 
and 4-nonylphenol (4-NP) were purchased as neat standards from Sigma-Aldrich, Inc. (St. 
Louis, MO USA). The solvents (methanol, acetonitrile, HPLC-grade water) were either 
analytical grade or HPLC-grade. Individual 1000 mg L-1 stock solutions of each compound 
were prepared in a aqueous solution of 0.2% acetonitrile. 
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The equilibrating solutions were prepared by diluting calculated volumes of stock 
standards with a background solution of 0.005M CaCl2 and 0.005 M NaN3 (as a microbial 
inhibitor). 
3.3.2 Cleaning of glassware 
 
All the glassware was baked in 400oC for 4 hours and rinsed thoroughly with 
dichloromethane before use. 
3.3.3 Soil sampling 
 
Surface horizon samples of the Hanlon and Zook soil series were collected from the 
Iowa State University Hinds Farm, Ames IA (UTM coordinates: 15T 448989m E 4656477m 
N) and from the City of Ames Wastewater Pollution Control Facility, Ames IA (UTM 
coordinates 15T 453182m E 4644834 m N), respectively. The soil samples were collected 
using the bucket auger at 0-20 cm deep. The collected soil samples were air dried and sieved 
to < 2-mm particle size. A subsample from the air dried soil was further ground for the 
analyses of total carbon and total nitrogen by a high temperature combustion method using 
the Carlo Erba NA1500 NSC elemental analyzer (Haake Buchler Instruments, Paterson, NJ).  
Particle size analysis was performed by pipet method (Gee and Bauder, 1986) and the 
total iron oxide concentration was determined by dithionite and oxalate extraction methods 
(McKeague and Day, 1966). 
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3.3.4 Batch sorption and desorption experiment 
 
There were two separate adsorption experiments conducted. The first experimental 
set-up involved adsorption of ten concentration levels of BPA, EE2, and 4-NP equilibrating 
solutions to Hanlon and Zook soil samples. The data obtained from this set-up was used to 
generate adsorption isotherms. The second set-up involved adsorption and desorption of four 
concentration levels BPA, EE2, and 4-NP equilibrating solutions to Hanlon and Zook soil 
samples. The data obtained from this set-up was used to calculate the hysteresis index (HI). 
Equilibrating solutions of 0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 2.0 mg L-1 were 
prepared for BPA and 0, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, 1.2, 1.5, 1.8, and 2.0 mg L-1 for EE2 
and 4-NP. A 50-mL glass tube with PTFE-lined screw cap was prepared, and 40 mL of each 
concentration level was added to previously measured one gram of either Hanlon or Zook 
soil sample. The sample mixture, blank, and control samples were shaken in the dark for 36 
hours as determined by the result of the kinetic study conducted prior to this experiment. The 
samples were centrifuged, the supernatant was separated, and the pH was adjusted to three 
before further processing by solid phase extraction and analysis using liquid chromatography 
mass spectrometry. 
A separate batch equilibrium experiment set-up was conducted in triplicate for the 
adsorption-desorption experiments of each compound, using four initial concentration levels 
(0.2, 0.5, 1.0, and 2.0 mg L-1) and by using the same solid-to-solution ratio of 1 gram is to 40 
mL. After equilibration for 36 h and removal of the supernatant following the adsorption 
step, desorption step was started by adding background solution to make up the original 1:40 
(w/v) ratio, and the sample was further processed as described above. 
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The kinetic study was conducted to determine to time required for the system to reach 
equilibrium. For each soil sample type, ten 50-mL glass tubes were prepared. One gram of 
soil was weighed and 40 mL of 2 mg L-1 of each EDC was added. The samples and blanks 
were shaken for 12, 18, 24, 36, and 48 hours. Duplicate samples were collected at each time 
intervals, processed, and analyzed to determine the amount of EDC adsorbed. 
3.3.5 Solid Phase Extraction and Liquid Chromatography Mass Spectrometry  
(LC-MS) 
 
The method for solid-phase extraction was adapted from the application note from 
Waters® Corporation (Hancock and Morphet, 2007) with modifications. The supernatant 
was passed through an Oasis HLB cartridge (6 cc, 200 mg, 30 µm) that was previously 
conditioned by 3 mL each of methyl tert-butyl ether (MTBE), methanol, and water. The 
sample was loaded at 2 mL min-1.After loading the samples, the cartridge was washed in 
series with 3 mL each of 10% methanol in MTBE, water, and 10% methanol in 2% 
ammonium hydroxide. The cartridge was dried after for 30 minutes under vacuum. The 
target compound was eluted with two 3-mL aliquots of 10% methanol in MTBE. The sample 
was dried gently under a stream of nitrogen, and the solvent was replaced with 50:50 (v/v) 
acetonitrile: ammonium formate.  
The separation and detection of the compound was carried out with an Agilent Ion 
Trap LC-MS using ZORBAX Eclipse plus (C8 2.1 mm x150 mm, 3.5 µm), eluted with 
methanol and water. Mass spectrometry detection was through electrospray ionization (ESI) 
and monitored in negative ion mode, while maintaining the column at 40 o C. 
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3.3.6 Data analysis and model fitting 
 
The amount of the compound adsorbed to the soil was determined by subtracting the 
mass of the compound detected in the supernatant after reaching equilibrium from the initial 
equilibrating mass. An adsorption isotherm was generated by plotting the adsorbed 
concentration vs. the equilibrium liquid-phase concentration (Fig. 3.1).  Sip’s model (Eq. 
3.1), which is a combination of the Langmuir and Freundlich models, had the best fit across 
all the generated isotherms based on the R2 values (Fig. 1).  
 𝑄 =  
𝑄𝑚𝑎𝑥𝐾𝐿𝐹𝐶𝑒
𝑛
1+𝐾𝐿𝐹𝐶𝑒
𝑛   (Eq. 3.1) 
The Q is the adsorbed amount at equilibrium (mg kg-1), Ce is the equilibrium 
concentration (mg L-1), Qmax is the predicted maximum adsorption capacity (mg kg
-1), KLF is 
the affinity constant (L mg-1), and n is the unitless heterogeneity parameter. 
To determine the degree of desorption, the hysteresis index of the nonlinear isotherm 
based on a single cycle sorption (Eq. 3.2) was calculated (Huang et al., 1998) for four 
different initial concentrations (0.2, 0.5, 1.0, and 2.0 mg L-1). The Qs and Qd is the amount in 
mg kg-1 of the compound that was adsorbed and desorbed, respectively, while Ce is the 
liquid-phase concentration in mg L-1 at equilibrium and T at 25oC. 
 𝐻𝐼 =  
𝑄𝑑𝐶𝑒
𝑑−𝑄𝑠𝐶𝑒
𝑠
𝑄𝑠𝐶𝑒
𝑠     𝑎𝑡 𝑇, 𝐶𝑒  (Eq. 3.2) 
     3.4 Results and Discussion 
 
3.4.1 Physico-chemical properties of the adsorbent and adsorbate used in the experiment  
 
 The three EDCs used in this study had a range of chemical properties (Table 3.1). 
Among the compounds, BPA has the lowest Kow value and would be considered the least 
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hydrophobic; 4-NP has the greatest Kow value and is the most hydrophobic; and EE2 has 
intermediate properties. The pKa values of each EDC indicate that they were non-ionized at 
pH 7, the condition used in the experiment. 
  The Hanlon and Zook soil samples used in this study have contrasting physico-
chemical properties, except for the soil pH values determined. The selected physico-chemical 
properties are summarized in Table 3.2. The Hanlon soil sample has sandy loam texture 
while the Zook soil sample has clay texture. Between the two soil samples, the Zook soil 
sample had greater total carbon, total nitrogen, and clay content than the Hanlon soil sample. 
The soil pH were 7.60 and 7.45 (water) and 7.00 and 7.10 (0.01 M CaCl2) for Hanlon and 
Zook soil samples, respectively. 
3.4.2  Sorption Isotherms and model fit 
3.4.2.1 Qualitative description of the isotherm profile 
 The adsorption isotherms for all three compounds were nonlinear (Fig. 3.1). The 
isotherm shapes suggested different modes of interaction for each of the EDCs to each of the 
two soil samples. Among the three EDCs, the BPA seems to interact greatly to the soil 
samples throughout the concentration range used. The S-shaped isotherm of the 4-NP 
suggests some degree of cooperative adsorption at the low concentrations i.e., the 
interactions among the 4-nonylphenol molecules were much stronger than their interactions 
to the soil materials. However, at higher concentration level, the adsorption of 4-NP to the 
two soil samples are increasing as indicated by the steepness of the slope.  An S-shaped 
isotherm was also observed at the low concentration range of the EE2-to-Zook interaction 
which is similar to the 4-NP, suggests that the EE2 molecules are interacting with other EE2 
molecules more strongly rather than interacting to the soil material. Meanwhile, the EE2-to-
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Hanlon isotherm showed strong adsorbate-to-adsorbent interaction in the lower concentration 
range as indicated by the very steep slope. 
3.4.2.1 Parameter values generated from the model fitting 
Without further transformation of the data from the isotherm, the data were fitted by 
nonlinear least-squares regression to the combined Langmuir-Freundlich model (Eq. 3.1). 
The model parameters Qmax, KLF, and n were calculated and are shown in Table 3.4. This 
three-parameter model fit the data well with coefficients of determination, R2, generally 
greater than 0.99. 
In general, the three EDCs showed to have relatively higher maximum adsorption 
capacity (Qmax) and adsorption affinity values (KLF) to Zook soil sample than the Hanlon soil 
sample. The adsorption of BPA showed that the Qmax, n, and KLF values estimated from the 
model are about the same magnitude for both soil samples. The Qmax is at 185 mg kg
-1 for the 
Hanlon soil sample and 146 mg kg-1 for the Zook soil sample. The KLF are estimated to be 
0.14 and 0.18 (L mg-1) n for Hanlon and Zook soil samples, respectively. The unitless 
heterogeneity index value, n are 0.9624 for Hanlon and 0.8925 for Zook soil samples. 
Adsorption of EE2 to the two soils suggests low maximum adsorption capacity to both soils 
but adsorption affinity to Zook soil sample is more than twice of the affinity of EE2 to 
Hanlon soil sample. Adsorption of 4-NP to both soil samples resulted to high maximum 
adsorption capacity and high adsorption affinity.  The adsorption to Zook soil sample is 
about 50 times higher in maximum adsorption capacity and about ten times higher in 
adsorption affinity than the 4-NP to Hanlon soil sample interactions. 
Among the three compounds, the 4-NP had the greatest affinity to the soils, 
specifically to the Zook soil samples. Since the batch experiment was conducted at pH equal 
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to 7, and the pKa of the three EDCs are higher than the pH of the system, it can be assumed 
that the EDCs were non-ionized during the equilibration period. This suggests that for non-
ionized organic compound the adsorption could be dominantly driven both by the 
hydrophobic portion of the soil and the degree of hydrophobicity of the EDC since the other 
competing mechanisms such as electrostatic attraction and cation bridging will not likely to 
dominate. 
 Comparisons of our results with data from the existing literature should be 
thoughtfully interpreted. Even though most adsorption experiments are conducted by the 
batch equilibrium method, differences in the experimental conditions such as the soil-to-
solution ratio, equilibration time, and detection method greatly influences the results 
(Limousin, 2007). Table 3.3 is a compilation of literature data from 2003 to 2014 for studies 
of BPA, EE2, and 4-NP adsorption using a batch equilibrium method in single systems. Soil-
to-solution ratios vary considerably, as do the equilibration times, which can range from two 
to 48 hours. The results of the present study are most comparable to the trends reported by 
Ying and Kookana (2005) and Li et al. (2013b). Regardless of the soil textural classification, 
4-NP had have the highest distribution coefficient, Kd, in the study of Ying and Kookana 
(2005). Li et al. (2013b) showed that the Freundlich affinity, KF, was more than ten times 
that of EE2 or BPA when adsorbed to silty clay soil samples. However, such trends were not 
evident from the study of Roberts et al. (2014) or Fent et al. (2003) in which soil samples 
with similar soil textural classification yielded different range of results. Some factors that 
could possibly provide explanation on the variation of the results are the soil-to-solution ratio 
used in the set-up, the concentration levels of the compound used, the reproducibility of the 
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analytical method used in compound detection, differences in the dominant mineralogical 
component of the soil, and the amount of organic matter in the soil sample used. 
3.4.3 Hysteresis Index 
  
The hysteresis index for the single-cycle desorption was determined for each of the 
four initial concentrations (Table 3.5). An example from BPA adsorbed and desorbed from 
Hanlon and Zook soils is shown in Fig. 3.2. The HI values could range from 0 to 1, where 0 
suggests complete reversibility and 1 suggests complete irreversibility. From the results, all 
the samples exhibited significant adsorption-desorption hysteresis. There was no apparent 
trend shown across concentrations for both soils and to all three compounds.  
The BPA had the highest hysteresis index, ranging from 0.73 to 0.93 across all 
concentrations and including both Hanlon and Zook soil samples. Across all concentrations, 
the EE2 has relatively higher hysteresis index with Hanlon soil samples than the Zook soil 
sample. At concentrations of 0.2 and 0.5 mg L-1 initial concentrations of EE2 in Zook soil 
sample, the calculated hysteresis index was about as half lower than the hysteresis index at 
concentrations of 1.0 mg L-1 and 2.0 mg L-1 of EE2. The 4-NP has the least hysteresis index 
observed among the three compounds, which ranged from 0.48 to 0.62 for the Hanlon soil 
sample and ranged from 0.31 to 0.35 for the Zook soil sample. 
For the 4-NP there was significant desorption observed from both soils, specifically 
for Zook soil sample. Relative to the BPA-Hanlon, BPA-Zook, and EE2-Hanlon sample 
pairs, the EE2-Zook, 4-NP-Hanlon, and 4-NP-Zook samples that showed cooperative 
adsorption indicated by the S-shape isotherm also showed relatively more concentration 
desorbed from the system (low hysteresis index). From this observation, we speculate that in 
cooperative adsorption the molecules of EE2 or 4-NP are held together by a stronger 
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intermolecular force than the forces that hold EE2 or 4-NP to the soil adsorption sites. 
Because the compounds were weakly held by the soil adsorption sites, we further speculate 
that they could be easily desorbed (low hysteresis index) from the system. This observation  
suggests a future direction to specifically study regarding possible adsorption mechanisms. 
     3.5 Conclusion  
 
Predicting the fate of endocrine disrupting chemicals such as BPA, EE2, and 4-NP in 
soil and water environment is a continuing challenge. This also true for other organic 
pollutants that either has been studied extensively or just recently studied because the soil-
water environment is a very complex system and laboratory experiments are only the 
simplified version of it. Existing literature documents important results about the adsorption, 
desorption, and degradation behavior of these three EDCs, but experimental conditions and 
compound measurements vary greatly. The adsorption study we conducted at a wider 
concentration range from 0-2 mg L-1 and the single cycle adsorption-desorption experiment 
using four initial concentrations (0.2, 0.5, 1.0, and 2.0 mg L-1) provided valuable information 
that supported results from other studies, as well as presented new evidence specifically for 
the hysteresis index.  
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a Staples et al., 1998, Michalowicz, 2014; b Feng et al., 2010, Lee et al., 2003; c Soares et al., 2008, Mao et 
al., 2012 
 
 
 
 
 
 
 
 
 
Table 3.1 Selected chemical properties of the three endocrine disrupting compounds used in the study 
Compound Class (use) Structure 
Aqueous 
Solubility 
(mg L-1) 
Log Kow pKa 
Bisphenol-Aa plasticizer 
 
120-300 2.2 – 3.4 9.6 – 11.3 
17α-
Ethinylestradiolb 
synthetic 
estrogen 
 
4.8 – 11.3 3.7 – 4.2 10.2 
4-Nonylphenolc surfactant 
 
4.6 3.8-4.8 10.7±1.0 
  
 
5
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Table 3.2 Selected physico-chemical properties of Hanlon and Zook soil samples 
Properties Hanlon Zook 
Total Carbon (g kg
-1
) 15.7 27.9 
Total Nitrogen (g kg
-1
) 1.5 2.4  
Soil Texture Sandy Loam Clay 
Particle size distribution 
  
          Sand (g kg
-1
) 770 140 
          Silt (g kg
-1
) 80 250 
          Clay (g kg
-1
) 160 610 
pH (1:1) 
  
         Water 7.60 7.45 
CaCl
2 (0.01 M) 7.00 7.10 
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Table 3.3 Kd and KF values for the adsorption of EE2, BPA, and 4-NP from literature 
Soil texture Compound Kd  Koc n KF References 
Loamy Fine Sand (RF) 
 
 
Clay (TF) 
 
 
Sandy Clay Loam (WT) 
 
 
EE2 
BPA 
4-NP 
EE2 
BPA 
4-NP 
EE2 
BPA 
4-NP 
62 
2 
601 
78 
22 
1450 
122 
44 
2461 
7324 
251 
70762 
4326 
1210 
80549 
4191 
1507 
84868 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
       n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
Ying and Kookana, 2005 
-single point distribution, Kd  
in mg kg-1/mg L-1 
 
[a]2 g soil to 200 mL water 
[b]2 hours  
 
Sandy Loam (I) 
Loamy Silt (II) 
Loamy Silt (III) 
Sandy Loam (IV) 
 
14C-BPA 
12.57‡ 
  6.934‡ 
17.12‡ 
  7.409‡ 
931 
636 
811 
805 
0.77* 
0.85* 
0.70* 
0.84* 
n.m. 
n.m. 
n.m. 
n.m. 
Fent et al., 2003 
[a]1 g soil to 20 mL 0.01 M CaCl2 
[b]24 hours  
Silty clay EE2 
BPA 
4-NP 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 
0.77 
0.72 
1.09 
0.126 
0.093 
1.751 
Li et al., 2013b 
[a]10 g soil to 50 mL 0.01 M 
CaCl2 
[b]48 hours equilibration 
KF units in (μg g-1/μg L-1)n 
Clay (IVC) 
Sand (PDS) 
Loam (WPL) 
BPA 
BPA 
BPA 
6.8 
5.04 
8.75 
  501[c] 
1230[c] 
  288[c] 
0.95 
1.13 
0.91 
8.85 
2.47 
      13.9 
Yu et al., 2013 
-single point distribution, Kd 
3 g soil to 30 mL 0.01 M CaCl2 
24 hours equilibration time 
Silt Loam (Black chernozem)§ 
 
Sandy Loam (Brown 
chernozem)§ 
EE2 
 
EE2 
n.d. 
 
n.d. 
10589[e] 
 
24375[e] 
0.50 
 
0.65 
557 
 
507 
Bonin and Simpson, 2007 
§soil classification from Salloum 
et al. 2000 
[b]36 hours 
KF units in (mg g-1 / mg mL-1)n 
Loamy Sand 
 
 
Sandy Loam 
 
 
Loam 
EE2 
BPA 
4-NP 
EE2 
BPA 
4-NP 
EE2 
BPA 
4-NP 
29‡ 
116‡ 
52‡ 
70‡ 
271‡ 
161‡ 
n.m. 
135‡ 
1780‡ 
4074[d][c] 
4898[d][c] 
1778[d][c] 
 
 
 
 
 
0.98 
0.99 
1.15 
0.85 
0.95 
0.90 
n.m. 
0.98 
1.05 
 
 
 
 
 
 
 
 
 
Roberts et al., 2014 
[a]6 g soil to 30 mL 0.01 M CaCl2 
[b]36 hours 
Units of Kd (interpreted from 
Freundlich isotherm) are L kg-1 
*reported as 1/n, ‡measured from Freundlich isotherm, reported as Kd [a]  soil-to-solution ratio, [b] equilibration time,  n.m.-  not measured, [c] values converted 
from reported log KOC,     [d]reported as mean value, [e] KFOC in (mg g-1 / mg mL-1)n 
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Table 3.4 Freundlich-Langmuir model parameter values 
Compound 
Soil 
type 
Qmax  
(mg kg-1) 
n 
KLF 
(L mg-1)n 
R2 
BPA 
Hanlon 185 0.9624 0.14 0.9953 
Zook 146 0.8925 0.18 0.9957 
EE2 
Hanlon 33 0.7285 1.04 0.9428 
Zook 49 1.9322 2.59 0.9936 
4-NP 
Hanlon 566 1.4475 34.13 0.9944 
Zook 31243 1.9653 410.45 0.9961 
 
 
 
Table 3.5 Single-cycle adsorption-desorption hysteresis 
index (HI) based on the adsorbed concentration 
 
Compound 
 
Soil type Initial Concentration (mg L
-1) 
  0.2  0.5  1.0  2.0 
BPA Hanlon 
Zook 
0.93 0.81 0.88 0.92 
 0.73 0.87 0.91 0.91 
EE2 Hanlon 
Zook 
0.80 0.92 0.85 0.89 
 0.34 0.21 0.71 0.58 
4-NP Hanlon 
Zook 
0.60 0.62 0.48 0.48 
 0.35 0.32 0.31 0.31 
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Fig. 3.1 Sorption isotherm and model fit of BPA, EE2, and 4-NP 
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Fig. 3.2 Single-cycle desorption of BPA to Hanlon and Zook soils. Arrows showing desorption cycle for the 
two lowest concentrations were not shown for clarity 
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CHAPTER 4.  ASSOCIATION OF BISPHENOL-A, 17α-ETHINYLESTRADIOL, AND 4-
NONYLPHENOL TO BIOSOLIDS-DERIVED DISSOLVED ORGANIC MATTER 
(BDOM) 
 
4.1  Introduction 
 
 Environmental pollution by endocrine disrupting chemicals (EDCs) such as 
bisphenol-A (BPA), 17α-ethinylestradiol (EE2), and 4-nonylphenol (4-NP) is widespread, 
either in land or in water systems. In the EDC monitoring study discussed in Chapter 1, the 
wastewater effluents and the stream water at corresponding upstream and downstream 
discharge locations, was found to have relatively low concentrations of these chemicals 
detected across the 6-month period. Predicting the fate and transport of these compounds is 
difficult because the degree to which the compound is held in the soil or released into the soil 
water depends on the interaction among the system components, e.g., EDC, soil matrix, and 
dissolved organic matter (DOM) (Höllrigl-Rosta et al., 2003).  
 Previous studies have reported that DOM binds with organic compounds forming a 
complex (Carter and Suffet, 1982; Clapp et al., 1997; Höllrigl-Rosta et al., 2003; Ilani et al., 
2005b; Chiu et al., 2009; Maoz and Chefetz, 2010). As a result of the complex formation, the 
physical and chemical properties of the compounds are affected and their fate and transport 
behavior are also changed (Kordel, 1997). Such complexation may either enhance or 
decrease adsorption of the organic compound when it introduced into the soil. If the 
formation of the DOM-organic molecule complex is stable enough in the solution or if the 
DOM will compete with the organic molecule for adsorption sites, then the transport and 
mobility of the organic compound through the soil profile may be enhanced (Nelson et al., 
1998; Guo and Chorover, 2003) as it can be when an organic compound is associated with 
mobile colloids in the soil (Prater et al., 2016). However, if the DOM associates with the soil 
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and provides additional adsorption sites, then it may enhance adsorption or the organic 
contaminant to the soil.  
Höllrigl-Rosta et al. (2003) reported that both 4-NP and BPA were bound by 
dissolved humic acid (HA) extracted from a peat but not by fulvic acid (FA) extracted from a 
sandy loam soil sample. This suggests that DOM derived from different sources and 
therefore have different chemical property will most likely to have varying impact on the 
adsorption of organic compound into the soil.  
 In studying the association of the organic compound such as EDCs to biosolids-
derived dissolved organic matter (BDOM), one of the challenges was to successfully separate 
the unbound EDC from the EDC bound to the BDOM, considering both are in solution form. 
The commonly used approach is the dialysis bag adsorption experiment (Carter and Suffet, 
1982; Ilani et al., 2005; Maoz and Chefetz, 2010) where the organic matter fraction is placed 
inside the dialysis bag and the solution of the organic compound outside the dialysis bag is 
allowed to diffuse into the bag. The dissolved organic matter fraction components have 
greater size than the cut-off size of the dialysis bag, so they are retained inside the bag where 
the interaction takes place. One of the disadvantage of using the dialysis bag technique is the 
relatively long period required to reach equilibrium and the possible overestimation of 
adsorbed concentrations due to Donnan effect (Ding et al., 2013). The solid phase extraction 
(SPE) method is a relatively new method developed and validated by Ding et al. (2013). This 
method separates the bound and unbound EDC by pore size exclusion on the SPE cartridge. 
The freely dissolved EDC (unbound) is expected to be retained in the cartridge while the 
BDOM and the BDOM-bound compound passes through the cartridge. In this study, I 
explored the interaction of BPA, EE2, and 4-NP to BDOM using this method. 
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4.2 Objectives 
 
 In the previous chapters, the adsorption and desorption of bisphenol-A (BPA), 17α-
ethinylestradiol (EE2), and 4-nonylphenol (4-NP) to soil samples was investigated, and  the 
biosolids-derived dissolved organic matter (BDOM) that was adsorbed to the soil samples 
was characterized. Natural environmental systems are very complex, and it is impossible to 
separate entirely the different components that contributes to adsorption. This study is 
therefore an attempt to simplify the system by investigating independently the adsorption of 
the three EDCs to BDOM without the adsorbing factor coming from soil samples. The goal is 
to quantitatively determine the extent of binding between the adsorbent (BDOM) and the 
adsorbate (EDC) because EDCs bound to the BDOM are likely to have different chemical 
and physical properties than when they are not bound. 
4.3 Materials and Methods 
 
 Sample processing and the calculation procedure used in the quantitative 
determination of the association of biosolids-derived dissolved organic matter (BDOM) and 
selective endocrine disrupting chemicals were adapted from those of Ding et al., (2013), with 
minor modifications. 
4.3.1 Chemicals and materials 
 
 Bisphenol-A (BPA), 17α-ethinylestradiol (EE2), and 4-nonylphenol (4-NP) were 
purchased from Sigma-Aldrich, Inc. These three compounds are known endocrine disrupting 
chemicals (EDC). BPA is a plasticizer commonly used in clear plastics, EE2 is a major 
component in birth control pills, and 4-NP is an industrial surfactant. Selected physical and 
chemical properties for these compounds are shown in Table 4.1. 
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The biosolids-derived dissolved organic matter (BDOM) was extracted from 
anaerobically digested biosolids collected from Ames Wastewater Pollution facility, Ames 
IA. The extraction process includes a series of shaking, centrifugation, and filtration to 
0.45μm filter membrane. The detailed procedure for this process is discussed in Chapter 2 of 
this manuscript. The BDOM collected was freeze-dried before use. Oasis® HLB Solid-Phase 
Extraction (SPE) cartridges (6 cc, 200 mg, 30 µm) were purchased from Waters Corporation 
(Milford, MA, USA). 
 Acetonitrile (HPLC grade), methanol (HPLC grade), water, dichloromethane, and 
methyl tert-butyl (MTBE) solvents were purchased from Fisher Scientific (Hampton, NH, 
USA). 
4.3.2 Cleaning of glassware 
 
 All glassware used was thoroughly washed and baked at 400oC in muffle furnace for 
four hours. It was then carefully rinsed with acetone and dichloromethane before use. 
4.3.3 Sample preparation and processing 
4.3.3.1 BDOM and EDC solution preparations 
 The extracted BDOM was characterized by 13C-NMR and diffuse reflectance Fourier 
transform infrared spectroscopy (DRIFT) (Fig. 1). Detailed methods and interpretation of 
these analyses are discussed in Chapter 2.  
 A 1000 mg L-1 BDOM solution was prepared by adding 1 g of freeze-dried, bulk 
BDOM and 1 L of 0.005 mol L-1 CaCl2 (pH=7) with 0.005 mol L
-1 NaN3. The solution was 
filtered through a 0.45-μm filter membrane and then dialyzed using Spectra/Por® 6 to 
remove components that were <1000 Da BDOM (Spectrum Laboratories, Inc., Rancho 
Dominguez, CA, USA). The water used in the dialysis step was monitored until the dissolved 
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organic carbon concentration is less than 0.5 mg L-1. The resulting BDOM solution was 
analyzed for total organic carbon using the FORMACSHT TOC Analyzers (Skalar, Inc, 
Buford, GA, USA) to determine the actual carbon concentration. For this study, the BDOM-
carbon concentration was 54 mg L-1. 
 The stock EDC equilibrating solutions were prepared from 0.1 to 5.0 mg L-1 (4-NP) 
and 0.25 to 10.0 mg L-1 (BPA, EE2) by using 0.005 mol L-1 CaCl2 as the background 
solution 
4.3.3.2 BDOM-EDC Association 
 
A. Kinetic Study 
 A 5 mg L-1 standard stock solution for each EDC was prepared. Into a 10-mL screw-
capped glass tube, 2 mL were pipetted and 8 mL of the BDOM solution were added to make 
up the 1 mg EDC L-1 equilibrating solution. The sample mixture was prepared in duplicate 
for each of the periods that the samples were shaken, which were 6, 12, 24, 36, and 48 hours 
for BPA and EE2 and 3, 6, 15, 26, and 39 hours for 4-NP. 
B. Adsorption Study 
 The BDOM-EDC solution mixture was prepared in triplicate by pipetting 2 mL from 
the range of the stock EDC concentrations and adding 8 mL of the dialyzed BDOM solution 
to  bring the equilibrating solutions to a ranged of 0.02 to 1 mg L-1 for 4-NP and 0.05 to 2 mg 
L-1 for BPA and EE2. Example for 4-NP, a 2 mL from each solutions of  0.1, 0.25, 0.5, 1, 
2.5, 4, and 5 mg/L was pipetted to get an equilibrating solution of 0.02, 0.05, 0.1, 0.2, 0.5, 
0.8, and 1 mg/L. Blank (BDOM only) and control (EDC only) samples were also prepared 
and included for each batch of analysis. The sample mixtures were shaken in the dark for 36 
hours as determined from the preliminary experiment. 
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4.3.3.3 Solid-Phase Extraction (SPE) and EDC compound detection 
 
 After equilibration, the sample mixture was passed through preconditioned Oasis® 
HLB cartridge at a rate of 2 mL min-1. Preconditioning of the SPE cartridge includes 
sequential washing with 3 mL each of methyl-tert butyl ether, methanol, and water under a 
vacuum set at 15 in Hg. After all the sample (10 mL) passed through the column, the SPE 
was again washed with 10% methanol, water, 10% methanol in 2% ammonium hydroxide, 
and then the cartridge was completely dried by running under the vacuum for 30 minutes. 
The EDC that was retained in the cartridge was eluted by passing 3 mL of methyl-tert butyl 
ether through the cartridge twice. The method is the same as the method applied in Chapter 1. 
 The collected eluate was evaporated by gentle stream of nitrogen, 50:50 v/v 
acetonitrile in ammonium formate buffer (pH adjusted to 3) was added, the resulting solution 
was transferred to 2-mL vials, and then it was analyzed using liquid chromatography-mass 
spectrometry (LC-MS). 
 An Agilent® Technologies 1100 Series LC-MS unit equipped with an ion-trap mass 
analyzer was used in the detection of the individual EDCs. First, 40 μL of the sample was 
injected in a ZORBAX® Eclipse plus C8 column (2.1 mm internal diameter, 150 mm length, 
and 5 μm particle size). The target EDC was separated by gradient elution using water and 
methanol as the solvent at a flow rate of 0.3 mL min-1 while maintaining the column 
temperature at 40oC. The compound was introduced to the mass analyzer by electrospray 
ionization and was detected in the negative ion mode. 
4.3.3.4 Calculation, isotherm, and model fit 
 
 The association of EDC with BDOM was calculated using the formula 
𝐶𝑠 =
(𝐶𝑜−𝐶𝑤)𝑉𝑤 
𝑀𝑠
, 
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where Cs (mg kg
-1) is the compound associated with BDOM, Co (mg L
-1) is the compound 
concentration in BDOM-free solution, Cw is the freely dissolved EDC at equilibrium (mg L
-
1), Vw  (L) is the total volume of solution, and Ms (kg) is the mass of BDOM in the solution. 
The plot of Cs against Cw generated non-linear adsorption isotherm (Fig 2). The data were fit 
using the Freundlich equation,𝐶𝑠 = 𝐾𝐹 ∗ 𝐶𝑤
𝑛
, where KF is an index of the adsorption 
capacity and n is an index of heterogeneity of sorption sites associated with the BDOM (Ding 
et al., 2013). 
4.4. Results and Discussion 
4.4.1 Selected chemical and physical properties of the sorbent and sorbate 
 
 The three compounds chosen for this study range in their hydrophobic properties. 
Among the three compounds, 4-NP is the most hydrophobic and BPA is the least 
hydrophobic based on the octanol water coefficient (Log Kow) and aqueous solubility 
presented in Table 4.1. EE2 is also very hydrophobic, but relative to the 4-NP, EE2 is slightly 
more soluble in aqueous solutions. Because the pKa values for the three EDCs are relatively 
high and the pH of the experimental system was set at 7, the three compounds were not likely 
be dissociated during the adsorption process. 
 The bulk BDOM, characterized by 13C-NMR and FTIR, was a heterogeneous 
material (see Chapter 2). The BDOM sample was dominated by N-acetylated carbohydrates 
and aromatic compounds. The presence of nitrogen and oxygen functional groups contributed 
to the hydrophilicity, while the aromatic and aliphatic components greatly contributed to the 
hydrophobic properties of the material. 
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4.4.2 Preliminary study 
 
 The interaction of EDCs with the BDOM over different periods showed that optimum 
adsorption was reached around 36 hours for both the BPA and EE2, but not for 4-NP (Fig. 2). 
A rapid adsorption rate was observed for BPA and EE2 at the beginning of the equilibration 
period, but after 36 hours the EE2 appeared to begin to desorb. The adsorption of 4-NP, 
however, slowly increased for 15 hours, followed by desorption and then adsorption again. 
The analyses were conducted in duplicate, and the standard deviations were high, particularly 
for EE2. Therefore, whether the systems actually reached chemical equilibrium is uncertain. 
Nonetheless, 36 hours was used for the adsorption study for all three compounds because it 
was the period of optimum adsorption for BPA and EE2 and it was consistent with the other 
EDC-soil and BDOM to soil batch equilibrium experiments conducted in this project. 
4.4.3 Association of EDCs to BDOM  
 
 The EDC-BDOM adsorption results showed non-linear isotherms (Fig 3). After 
fitting the data to the Freundlich model, the indices of adsorption heterogeneity, n, for BPA, 
EE2, and 4-NP were 0.89, 0.21, and 0.69, respectively (Table 2). Although one cannot 
directly compare the KF coefficients because of the varying n values of BPA, EE2, and 4-NP, 
the KF values were 25047, 3673, 3639 (mg kg
-1 / mg L-1)n, respectively. Among the EDCs, 
the relatively high KF value (index of adsorption capacity) for BPA compared with EE2 and 
4-NP may indicate that the abundance of N-acetylated and other polar functional groups in 
the BDOM provided more adsorption sites for the relatively more polar BPA. Since the pH 
of the system was kept at 7, the phenolic groups would not be ionized, and the intermolecular 
interaction was likely dominated by dipole-dipole forces.  
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Many organic pollutant molecules, like BPA, have both hydrophilic and hydrophobic 
portions. Therefore, there may be multiple opportunities for adsorption to heterogeneous 
sorbents like BDOM. For example, when bulk BDOM was fractionated into its structural 
fractions, the hydrophilic acid fraction was shown to have a lower adsorption capacity for 
carbamazepine than does the bulk BDOM (Maoz and Chefetz, 2010). The relatively 
hydrophobic aromatic rings of the phenol may be attracted to the comparably nonpolar 
aromatic moieties of the BDOM. The oxygen from the phenol group may interact through 
dipole-dipole interaction with oxygen- and nitrogen-rich components of BDOM. 
Superimposed on the intermolecular interactions of the sorbent and the sorbate, other 
important factors that determine the degree of adsorption are pH, ionic strength, and 
concentration of the organic matter in the solution (Carter and Suffet, 1982). 
 Compared to BPA, the relatively lower KLF values for EE2 and 4-NP may be 
attributed to their more hydrophobic properties. Also, it was shown during the preliminary 
experiment that adsorption with EE2 and 4-NP during the 48-hour period was not stable; 
instead there seem to have been fluctuating events of adsorption and desorption such that true 
equilibration time was difficult to attain. 
 A concurrent study also looked at the adsorption of EDCs and BDOM to two soils 
(Table 4.3, data from Chapters 2 and 3). These experiments showed that in the absence of 
BDOM 4-NP was strongly adsorbed to both soils, especially to the Zook soil sample, and the 
hysteresis index (HI) for desorption indicated that 4-NP was not easily desorbed from the 
soil. BPA had a lower adsorption affinity than EE2 to both soils, while both compounds had 
relatively high HI values, suggesting that a great portion of the adsorbed concentration was 
easily desorbed to the solution. BDOM adsorption to both soils was low, with KLF = 0.015 L 
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kg-1, suggesting that the BDOM may be mobile under saturated flow conditions in soil. In the 
absence of an experiment in which adsorption to soil of EDC-BDOM complexes was studied, 
the data available suggest that BPA will be retained by the BDOM and not the soil and that 
4-NP will be adsorbed strongly to the soil. The adsorption behavior of EE2 in the presence of 
both soil and BDOM is not clear from the data at hand.  
4.5. Conclusion 
 
 Quantifying the extent of association between the EDCs and BDOM was immensely 
challenging. The kinetic study was helpful in choosing the period required for adsorption to 
reach its optimum, but the period required for true chemical equilibrium was not clear. If 
equilibrium were not reached, then the reported adsorbed concentration could be either 
underestimating or overestimating the true value. Nevertheless, the result showed that BPA is 
strongly adsorbing to the BDOM fraction while EE2 and 4-NP did not form a strong 
association with the BDOM. This study was conducted to consider only BDOM and selected 
EDCs, an environmental system that is oversimplified. Integrating the results with the 
concurrent study by exploring the adsorption of EDCs and BDOM to two soils, I hypothesize 
that the BDOM will carry with it the BPA in the soil water while the transport of EE2 and 4-
NP may be deterred. In the next chapter, we aim to integrate all three system components, 
i.e., EDCs, BDOM, and soil by using a packed column transport experiment to test the 
hypotheses generated from the present study. 
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Table 4.1. Selected chemical and physical properties of the three EDCs 
EDC Molar mass Aqueous 
Solubility 
Log Kow pKa 
 g mol-1  mg L-1   
BPAa 228.3 120-300 2.2-3.4 9.6-11.3 
EE2b 296.4 4.8-11.3 3.7-4.2 10.2 
4-NPc 220 4.6 3.8-4.8 10.7±1 
a Staples et al., 1998, Michalowicz, 2014; b Feng et al., 2010, Lee et al., 
2003; c Soares et al., 2008, Mao et al., 2012 
 
 
Table 4.2.Freundlich model parameter values calculated from the EDC to BDOM 
adsorption isotherm. 
EDC KF n R
2 
 (mg kg-1/mg L-1)n    
BPA 25047±2593 0.89±0.07 0.87 
EE2 3673±589 0.21±0.01 0.90 
4-NP 3639±463 0.69±0.10 0.94 
Values are reported as mean ±standard error (n=3) 
 
Table 4.3. Summary of results from concurrent study on EDC to soil and BDOM to 
soil interactions 
Soil type Hanlon Zook 
 Adsorption Desorption Adsorption Desorption 
 KLF n HI KLF n HI 
BPA 0.14 0.96 0.88 0.18 0.89 0.91 
EE2 1.04 0.73 0.85 2.59 1.93 0.71 
4-NP 34 1.45 0.48 410 1.97 0.31 
BDOM 0.015* nd 0.015* nd 
KLF (L mg
-1)n– combined Langmuir-Freundlich index of adsorption affinity, HI-
hysteresis index calculated from 1 mg L-1 initial concentration, * Langmuir coefficient 
KL (L kg
-1)-index of adsorption intensity, nd –not determined 
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CHAPTER 5.  TRANSPORT OF BISPHENOL-A WITH BIOSOLIDS-DERIVED 
DISSOLVED ORGANIC MATTER IN PACKED COLUMNS OF TWO IOWA SOILS 
 
5.1 Introduction 
 Bisphenol-A (BPA), a polycarbonate monomer, is a synthetic compound. BPA has 
many physico-chemical properties ideal for the manufacture of clear plastics that are found in 
baby bottles, drinking water bottles, compact disks, and thermal papers, as well as the epoxy 
resins used to line metal lids in canned goods. The synthesis of BPA is cheap and relatively 
simple, and the chemical reaction yields a product that is durable, lightweight, thermally 
stable, and transparent which is a unique characteristic in a plastic (Michałowicz, 2014). 
However, concern regarding the use of BPA arises because BPA is an endocrine disruptor 
(vom Saal and Hughes, 2005; Vandenberg et al., 2009; Rubin, 2011). Exposures to BPA 
could induce feminization of fish and frogs and result in the development of additional 
female organs in snails (super feminization). Also, it affects growth development, reduces 
fertilization, and increases the mortality rate of molluscs, sea urchin, and birds (Oehlmann et 
al., 2000; Flint et al., 2012). Although there is no strong evidence that supports the effects of 
BPA on humans, studies in mice and rats link exposure of BPA to obesity, effects on brain 
development, pregnancy complications, diabetes, heart disease, and cancer (Oehlmann et al., 
2000; Melnick et al., 2002; Maffini et al., 2006; Rasier et al., 2006; Newbold, 2010; Flint et 
al., 2012; Kundakovic et al., 2013; Rochester, 2013; Michałowicz, 2014).  
 BPA can be released as an environmental pollutant in various ways. The 
unpolymerized or residual BPA left from the manufacture of plastic could be leached from 
the polycarbonate polymer. Also BPA could migrate from the polycarbonate or epoxy resin 
as a result of diffusion or hydrolysis of the polymer. Migration of BPA is enhanced with 
decreased pH of the solution, when the polycarbonate material has been used for a long time, 
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and when the polycarbonate has been exposed to high temperature (Nam et al., 2010; 
Michałowicz, 2014). Exposure to BPA could also be facilitated through contact with thermal 
papers used in receipts, books, and labels where the degree of exposure could vary depending 
on the handling time and frequency of contact (Lu et al., 2013; Michałowicz, 2014). Once 
BPA molecules are released from the material, they can enter the environment through 
wastewater treatment plants. If the wastewater treatment process does not effectively remove 
BPA, it may be released to surface water or soil through effluent discharge or land 
application of biosolids, respectively (Choi et al., 2006; Zhou et al., 2010; Flint et al., 2012; 
Li et al., 2013c). 
 The chemical structure of BPA is presented in Fig. 5.1. It contains two phenol 
functional groups with two methyl groups attached at the carbon that connect the two rings. 
BPA has low vapor pressure and high melting point. It has a moderately low solubility in 
water, ranging from 120 to 300 mg L-1 at pH 7, and an octanol-water distribution coefficient 
(KOC) that ranges from 314 to 1524. The negative logarithm of the acid dissociation constant 
(pKa) ranges from 9.6 to 10.2 (Staples et al., 1998; Michałowicz, 2014). With the physico-
chemical properties of BPA mentioned above, we can predict how BPA will 
compartmentalize in environmental systems based on the Mackay Level I modeling 
approach, about 50 percent of BPA will tend to accumulate in soil, sediment, and water 
(Staples et al., 1998). Minimal amounts are expected in the atmosphere or in biota due to its 
low vapor pressure and moderately hydrophobic properties, respectively (Staples et al., 1998; 
Flint et al., 2012). 
 The half-life of BPA is generally short, and it is not expected to stay long in the soil 
and water systems, because of microbial degradation and photo degradation. Reported half-
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life estimated in wastewater effluent ranged from 2.5 to 4 days (Staples et al., 1998; Flint et 
al., 2012), but half-life estimates in agricultural soils is observed to be ten times longer than 
the half-life in wastewater effluent. Laboratory studies on the degradation of BPA in a soil- 
biosolids matrix resulted in an estimated half-life of 18 to 102 days (Langdon et al., 2011), 
while the estimated half-life of BPA in biosolids applied to soil in the field was about 2.5 
times longer (Langdon et al., 2012).  
 The relatively longer half-life of BPA in the presence of biosolids compared to 
wastewater suggests that organic matter in the biosolids may play a role in increasing the 
stability of BPA. Biosolids-derived dissolved organic matter (BDOM) may interact with 
relatively hydrophobic BPA through non-specific hydrophobic bonding (Ilani et al., 2005a; 
Maoz and Chefetz, 2010), but it could also be bound by hydrogen bonding between the 
phenolic groups of the BPA and polar components of the BDOM. Concurrent study on the 
interaction of BPA to biosolids-derived dissolved organic matter (Chapter 4) have shown that 
BPA is strongly adsorbed to the BDOM, with a Freundlich adsorption coefficient value (KF) 
of 25000 (mg kg-1/mg L-1)n .The binding of a relatively hydrophobic compound to dissolved 
organic matter has been explored and established in other studies (Carter and Suffet, 1982; 
Ohlenbusch et al., 2000; Höllrigl-Rosta et al., 2003; Amiri et al., 2005). 
 The strong interaction of BPA and BDOM suggests the formation of a BPA-BDOM 
complex that could influence the transport of BPA in the soil environment as well. Previous 
soil column studies have shown that the input of dissolved organic carbon could either 
enhance the retention of an associated organic pollutant to soil (Totsche et al., 1997; 
Borgman and Chefetz, 2013; Qin et al., 2017) or facilitate the transport of the organic 
pollutant in the soil water (Nelson et al., 1998; Flores-Céspedes et al., 2002; Amiri et al., 
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2005; Chabauty et al., 2016; Prater et al., 2016). Totsche et al. (1997) suggested that the 
enhanced retention of polyaromatic hydrocarbons (PAH) to the soil when dissolved organic 
matter (DOM) was present was either due to co-sorption of the DOM-PAH complex to the 
bulk soil component or there was continuous sorption of the DOM by the bulk soil 
component, which added sorption capacity for the free PAH. For organic matter inputs that 
are not dissolved, Qin et al. (2017) suggested that the enhanced retention of selected 
pharmaceuticals and personal care products (PPCPs) to the soil was by adsorption to surface 
coatings and by pore filling. Pore filling with organic matter would alter the structure of the 
pores by providing nanopores and micropores as additional sorption sites for PPCPs. 
5.2 Objectives 
 This project aims to determine the impact of low (10 mg L-1) and high (40 mg L-1) 
concentration levels of biosolids-derived organic matter on the transport of bisphenol-A 
(BPA) in packed columns of two soils, Hanlon and Zook. The BPA and the BDOM were 
mixed together prior to their introduction to each soil column. The goal was to simulate the 
system when biosolids that potentially contain the BPA are land applied to agricultural soils. 
5.3 Materials and Methods 
 
5.3.1 Reagents and materials  
 The calcium chloride dihydrate used in the preparation of the background solution 
was purchased from Fisher Scientific. The BPA standards were purchased from Sigma-
Aldrich, Inc. (St. Louis, MO USA). A 1000 mg L-1 stock standard solution was prepared in 
acetonitrile. 
 The Hanlon and Zook soil samples used in the column transport experiment were 
collected from the Iowa State University Hinds Farm, Ames, Iowa (UTM coordinates: 15T 
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448989m E 4656477m N) and from a field near the Wastewater Pollution Control Facility, 
Ames Iowa (UTM coordinates 15T 453182m E 4644834 m N), respectively. The details 
about soil sample processing and characterization are presented in Chapter 2 of this thesis. 
5.3.2 Cleaning of glassware 
 
 All glassware was thoroughly washed with soap and water, baked at 400oC, and 
rinsed with acetone and dichloromethane. 
5.3.3 Sample collection and solution preparation 
 
 Freeze-dried biosolids-derived dissolved organic matter (BDOM) was prepared from 
biosolids collected from the Ames Municipal Pollution Control Facility, Ames, Iowa as 
described in Chapter 2.  The 0.005 mole L-1 (resident solution) and 0.05 mole L-1 (tracer) 
solutions were prepared by dissolving calcium chloride dihydrate in appropriate volumes of 
distilled deionized water. 
A stock 1000 mg L-1 BDOM solution was prepared by dissolving 1 g of freeze-dried 
BDOM with 0.005 mole L-1 of calcium chloride. Analysis of the total organic carbon 
concentration of the stock BDOM solutions yielded about 85 mg L-1 of BDOM-carbon.  
 Two concentrations, 40 mg L-1 and 10 mg L-1, of BDOM-carbon were prepared by 
diluting the stock standard BDOM –carbon with 0.005 M calcium chloride. A 1 mg L-1 
solution of bisphenol-A was prepared by pipetting 100 μL of 1000 mg L-1 bisphenol-A and 
diluting with either the 40 mg L-1 or 10 mg L-1 BDOM-carbon solution. 
5.3.4 Column experimental set-up and analytical method for detection 
 
 Glass cylinders with dimensions of 14 cm (height) by 2.5 cm (internal diameter) were 
packed with soil  to perform chemical transport experiments in duplicate for the Hanlon soil 
samples and in triplicate for the Zook soil samples (Table 5.2). Each empty cylinder was 
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weighed, packed with air-dried, <2 mm of either Hanlon or Zook soil. The mass of the soil 
used was recorded. The packed column was connected to a Manostat Carter multi-channel 
cassette pump system. The soil column was saturated with 0.005 mole L-1 calcium chloride 
resident solution from the bottom of the column, ensuring removal of air and establishing 
steady-state condition. After saturating a column, a constant head of 0.005 mole L-1 calcium 
chloride resident solution was applied at the top of the column and the outflow occurred at 
the bottom of the column, in order to establish steady flow conditions. The constant head was 
continuously applied for at least 15 pore volumes of outflow on Hanlon columns and for 20 
pore volumes on Zook columns to remove potentially soluble native organic matter before 
adding the tracer solution. Once the 0.005 M CaCl2 resident solution was allowed to decrease 
at the top of a soil column, two pore volumes of the 0.05 M CaCl2 tracer solution were added 
at the top of the soil column. At the same time, effluent was collected at the bottom of the 
column in 0.2 pore volume fractions. There were fifty sample fractions collected initially, 
and additional fractions were collected when there was still evidence of the 0.05 M CaCl2 
tracer solution in the column. Eliminating all the tracer solutions from the column was 
necessary because the same column was used for the transport of BPA.  The volume of each 
sample was checked by weighing each fraction and assuming that the density of water was 1 
g cm-3. The electrical conductivity (EC) of each fraction effluent was determined.   
Two pore volumes of 1 mg L-1 BPA dissolved in either 10 mg L-1 or 40 mg L-1 
BDOM-carbon solutions were loaded at the top of the column following the establishment of 
steady flow. After the two pore volumes were introduced, the resident solution was 
continually passed through the column to elute the BPA out of the column. Enough fractions 
of 0.2 pore volumes were collected until the concentration of BPA in the effluent did not 
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change significantly. The volume of each fraction was determined by weighing the tubes 
before and after sample collection. Selected fractions were directly analyzed by UV 
spectroscopy at 254 nm to determine the dissolved organic carbon concentrations and by 
liquid chromatography-mass spectrometry (LC-MS) to determine the BPA concentrations. 
The BPA was only measured in the solution that passed through the column and the 
difference between the initial mass of BPA and the mass of BPA determined from the 
effluent was assumed to be the mass of BPA that was retained in the soil column. The 
samples for the total organic carbon analysis were acidified to pH 2 with 30% phosphoric 
acid to eliminate inorganic carbon, and then the samples were run using a total organic 
carbon analyzer. 
 Absorbance at 254 nm was determined using an Agilent Cary® 50 UV 
spectrophotometer, total organic carbon was determined using the Skalar FormacsHT total 
organic carbon analyzer, and BPA concentration was determined by an Agilent Technologies 
1100 Series High Performance Liquid Chromatography (HPLC) system capable of Mass 
Selective Trap SL detector equipped with nanoflow electrospray ion source. The BPA was 
detected in negative ion mode. The column used in the separation of BPA was a ZORBAX 
Eclipse Plus C8 column with 2.1 mm internal diameter, 150 mm length, and 5 μm particle 
size specifications. It was equipped with guard column. Gradient elution using 1 millimolar 
ammonium acetate and acetonitrile was used at a flow rate of 0.200 milliliter per minute, for 
a total run of 16 minutes, while maintaining the column temperature at 40oC. 
5.3.5 Breakthrough curve generation and mass fraction calculations 
 The breakthrough curves were constructed by plotting the relative concentrations (Cr) 
of the sample fractions collected from the column, each for 0.05 M CaCl2 tracer, BPA, or 
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BDOM-carbon against the pore volume. In determining the relative concentration ratio of the 
tracer solution (0.05 M CaCl2), for example, the concentration of the 0.005 M CaCl2 resident 
solution (Ci) was subtracted from the concentration of the sample fraction collected (C) and 
was divided by the concentration of the resident solution (Ci) subtracted from the 
concentration of the tracer solution (Co) (Eq. 1). 
𝐶𝑟 =  
𝐶−𝐶𝑖
𝐶0−𝐶𝑖
          Eq. 1 
 The mass fraction of the BPA retained in the column was estimated to be the sum of 
the mass of BPA in each fraction collected divided by the mass of BPA initially added to the 
column. The mass of BPA in each sample fraction was determined by multiplying by the 
volume of the effluent fraction by the measured concentration. In the same way, the initial 
mass of BPA was determined by multiplying the total pore volume input by the concentration 
of BPA.  
 The dissolved organic carbon that was eluted from the column was assumed to be a 
mixture of the BDOM-C and soluble organic carbon native to the soil. The mass fraction of 
BDOM-C and the soil DOC eluted from the column was determined to be the sum of the 
mass of the dissolved organic carbon from each sample fraction divided by the initial mass of 
the BDOM-C added. The mass of dissolved organic carbon was determined by multiplying 
the volume of the sample fractions by the measured dissolved organic carbon concentration.  
5.4. Results and Discussion 
 
5.4.1 Physico-chemical properties of the soil used and the physical properties of the packed 
column 
 The selected physico-chemical properties of the Hanlon and Zook soil samples used 
in the column transport experiment are presented in Table 5.1. The two soils chosen showed 
85 
 
 
contrasting properties, which could lead to differences in the retention of BPA and BDOM-
carbon as they passed through the soil columns. The Zook soil sample has a higher 
concentration of total organic carbon and total nitrogen. The Zook soil sample had a clay 
texture, and the Hanlon soil sample had a sandy loam texture.  
 The physical properties of the packed soil columns used in the experiment are 
reported in Table 5.2. For the Hanlon soil samples, the bulk density of the columns ranged 
from 1.27 to 1.32 g cm-3, pore volume of 34 to 36 mL, and steady flow rate of 1.1 to 1.8 mL 
min-1. For the Zook soil samples, the columns had a bulk density range of 1.19-1.26 g cm-3, 
pore volume of 36-38 mL and steady flow rate of 1.0 to 1.5 mL min-1.   
 The 0.05 M CaCl2 tracer breakthrough curve was conducted to help in determining 
the dispersion coefficient and the mean pore velocity in the soil of the individual columns. 
The experimental data collected were plotted and fitted to a 1-dimensional transport model 
using the CXTFIT solver function within Excel software (Tang et al., 2010). The model 
parameter estimates for the pore water velocity (v), dispersion coefficient (D), and 
dispersivity (λ) are shown in Table 5.2. In general, the Zook soil sample had better model fit, 
with an R2 value of greater than 0.98, while the fit of the model for the Hanlon soil sample 
had an R2 of 0.94. The mean pore water velocity was estimated at 0.04 cm s-1 and 0.03 cm s
-1 
for Hanlon and Zook soil samples, respectively. The dispersion coefficients were estimated 
to be 0.04 cm2 s-1 and 0.03 cm
2
 s
-1. The low dispersion coefficient values suggest that mass 
flow had a more important role in solute transport rather than diffusion. Also, since these 
were packed columns, the tortuosity of the soil pores was most likely to be uniform 
throughout the column. The dispersivity (λ) values for the Hanlon soil columns had large 
variations among the six individual columns compared to the determined dispersivity (λ) 
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values among the eight Zook soil columns. The pulse duration was estimated to be 1.6 and 
1.3 seconds for Hanlon and Zook, respectively. Sensitivity analysis is one way to identify the 
factors that could affect the column efficiency. Column efficiency is described by either the 
peak broadening or peak symmetry of the tracer analyzed. An example of the sensitivity 
analysis profile conducted on one of the Hanlon soil columns is shown in Fig. 5.2. The 
sensitivity analysis for the Hanlon soil column suggests that small variations in the pulse 
duration will affect the outcome of the column transport experiment, while small variations 
in the pore water velocity and dispersion coefficient will not significantly affect the result of 
the experiment. 
5.4.2 Breakthrough curves 
 The breakthrough curves for the 0.05 M CaCl2 tracer, BPA, and BDOM-carbon for 
Hanlon and Zook soil samples are presented in Figures 5.3 and 5.4, respectively. The 
breakthrough curves of BPA of both soil samples showed a relatively broad profile and much 
lower concentration ratio values compared to the 0.05 M CaCl2 tracer and the BDOM-
carbon. The BDOM-carbon profile of the higher BDOM-carbon concentration level (1 mg 
L-1 BPA mixed in a solution of 40 mg L-1 BDOM-carbon) followed the profile trend of the 
0.05 M CaCl2 tracer. However, the lower BDOM-carbon concentration level (1 mg L
-1 BPA 
in 10 mg L-1 BDOM-carbon) did not show distinct increasing or decreasing trends with 
increasing pore volume.  
 The BDOM-carbon that was mixed with 1 mg L-1 BPA prior to introduction to the 
column showed a calculated concentration ratio of less than one compared to when only the 
BDOM-carbon was passed through the column. This suggests possible interaction between 
the BPA and BDOM-carbon and the possible retention of the BPA and BDOM-carbon 
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complex to the soil samples. In the columns where only the BDOM-carbon was passed 
through the column, the calculated concentration ratio was greater than one. The observed 
enrichment in the concentration ratio of BDOM-carbon could be attributed to the native 
soluble organic carbon that was released by the soil column, although prior to the injection of 
the compounds the soil materials were repeatedly washed with 0.005 M CaCl2 resident 
solution to remove the native soluble organic carbon. Chabauty et al. (2016) observed a 
similar condition when intact soil columns were used -- that dissolved organic matter (DOM) 
was continuously generated within soil columns during flow.  
The mass fraction of the BDOM-carbon retained in the column was difficult to 
determine because native dissolved organic carbon was co-eluted from the soil column and 
may also have interacted with the BPA molecules that were present. By determining the mass 
of the total dissolved organic carbon (BDOM-carbon plus the native dissolved organic 
carbon) eluted from the column and dividing by the mass of the initial BDOM-carbon input, 
we can estimate the mass of the native dissolved organic matter released from the soil 
column relative to the mass of the BDOM-carbon input. The mass of the DOC eluted from 
the column was observed to be much larger in the treatment of lower BDOM-carbon input 
for both soil samples. When only the BDOM was added to the column, the mass of the DOC 
eluted was comparable to the result with the treatment with 40 mg L-1 BDOM-carbon and 1 
mg L-1. When BPA was added to the column at a concentration of 1 mg L
-1 BPA with 10 mg 
L-1 BDOM-carbon, it had a lower eluted mass fraction than when the 40 mg L-1 BDOM 
solution was used. The native soluble organic carbon released during the column transport 
process was observed to be higher at the lower BDOM-carbon concentration level compared 
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with the higher BDOM-carbon concentration level. The Hanlon soil samples appeared to 
release more BDOM-carbon than the Zook soil samples.  
5.4.3 Concentration ratio, pore volume, and mass fraction result from the column transport 
experiment 
 The retardation factor (Rf) is defined as the distance the solute has moved relative to 
the distance the resident solution has travelled. The Rf can be estimated by determining the 
pore volume at 0.5 concentration ratio (Table 5.4). The Rf of the Hanlon soil column using 
0.05 M CaCl2 as the tracer compound, ranged from 0.6 to 1.1 pore volumes. For Rf values 
greater than one, the tracer compound moved slower than the resident solution (retarded), 
and for Rf < 1, the tracer compound moved faster relative to the resident solution. The 
variability among the columns may be attributed to the bulk density of the packed soil and 
the established steady state flow rate of the solution. All the columns using Zook soil sample 
exhibited an Rf value of less than one, which ranged from 0.570 to 0.868.  
The mass fractions of BPA and BDOM-carbon retained in the column as well as the 
mass fractions of the dissolved organic carbon eluted from the column are presented in Table 
5.4. Mass fractions were calculated to be able to compare the influence of the low (10 mg 
L-1) and high (40 mg L-1) BDOM-carbon concentration levels on BPA adsorption to soil. 
Comparing the mass fraction of BPA retained by the Hanlon soil samples, there was more 
retention of BPA at the higher BDOM-carbon concentration level, 0.97, than the mass 
fraction of 0.69 observed at the lower BDOM-carbon concentration level. For the Zook soil 
sample, the mass fractions of the BPA retained in the column for the high and the low 
BDOM carbon concentration were in the same range, at 0.89 and 0.94, respectively.  
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There was larger mass fraction retained and smaller DOC release by the column when 
the higher concentration level of BDOM was added to the soil with relatively less carbon 
content to start with such as the sandy loam textured Hanlon soil. However, the mass fraction 
of the BPA retained in the Zook soil column, which had relatively more carbon content to 
begin with, did not seem to be influenced by either the low or high amount of BDOM-carbon 
added. The Zook soil samples retained more BPA at both concentration levels. 
By taking into consideration the results from our previous batch experiments on the 
adsorption of BPA to soil samples (Chapter 3), BPA to BDOM-carbon (Chapter 4), and 
BDOM-carbon to soil samples (Chapter 2), we propose that the BDOM-carbon did not carry 
the BPA as it moved through the soil column. BPA is strongly bound to the BDOM-carbon, 
as indicated by the high Freundlich model coefficients. Moreover, the BDOM-carbon, due to 
its low adsorption intensity of 0.015 L kg-1 soil (determined from the Langmuir isotherm) to 
both soil samples was expected to be mobile under saturated flow conditions. Still, we did 
not observe that the BDOM-carbon promoted the transport of BPA as shown by the 
difference in the mass fractions retained by the column when the 40 mg C L-1 and 10 mg C L-
1 was compared. 
Our results showed a trend comparable to the results presented by Totsche et al. 
(1997) on the enhanced retention of polyaromatic hydrocarbon (PAH) with DOM input. The 
two mechanisms proposed for the experiment were co-sorption and cumulative sorption. Co-
sorption is when the DOM-organic pollutant complex is both sorbed to the bulk soil, while 
cumulative sorption is when the DOM is continuously sorbed to the bulk soil to provide 
additional sorption sites for the organic pollutant. We speculate from our results that 
cumulative sorption is more likely the dominant mechanism because of the considerable 
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retention to both soils of both BDOM and BPA when there is high BDOM input or there is 
an adequate amount of DOM in the soil system to begin with.   
5.5 Conclusion 
The transport behavior of BDOM-BPA complex was studied using a saturated soil 
column experiment. Based on the mass fractions calculated, the clayey Zook soil samples 
retained more BPA at both concentration levels of BDOM compared to the sandy Hanlon soil 
samples. For Hanlon soil samples, more BPA was retained in the presence of a high 
concentration BDOM-carbon than at the low level input of BDOM-carbon.  
The data generated from the soil column transport experiment were valuable 
especially when interpreted together with the adsorption parameters determined from the 
batch experiments. Unlike the batch experiments that assumed equilibrium conditions, the 
column transport experiments reflected processes under non-equilibrium conditions that 
could provide insights concerning the dynamic processes in the real soil-water environment. 
Some advantages of using the soil column transport experiment are that the boundary 
conditions can be controlled and that the breakthrough curves generated provide a visual 
record of the transport behavior of the compound.  
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Table 5.1 Selected physico-chemical properties of Hanlon and 
Zook soil samples 
Properties Hanlon Zook 
Total carbon (g kg-1) 15.7 27.9 
Total nitrogen (g kg-1)   1.5   2.4 
Soil texture Sandy Loam Clay 
Particle size distribution   
Sand (g kg-1) 770 140 
Silt (g kg-1) 80 250 
Clay (g kg-1) 
pH (1:1) 
       water 
       CaCl2 (0.01 M) 
160 
 
7.60 
7.00 
610 
 
7.45 
7.10 
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Table 5.2. Physical parameters of the packed soil columns used for the bisphenol-A (BPA) transport experiment 
Hanlon soil sample 
Column  HC1 HC2 HC3 HC4 HC5 HC6   
Soil mass (g) 91 90 89 88 87 91   
volume (mL) 68.72 68.72 68.72 68.72 68.72 68.72   
bulk density (g mL-1) 1.32 1.31 1.30 1.28 1.27 1.32   
particle density (g mL-1) 2.65 2.65 2.65 2.65    2.65 2.65   
porosity (ϵ)(mL/mL) 0.500 0.506 0.511 0.517 0.522 0.500   
Pore volume (mL) 34 35 35 36 36 34   
steady state flow rate (mL min-1) 1.4 1.1 1.8 1.6 1.8 1.6   
Zook soil sample 
Column   ZC1 ZC2 ZC3 ZC4 ZC5 ZC6 ZC7 ZC8 
Soil mass (g) 84 82 82 84 86 83 86 87 
volume (mL) 68.72 68.72 68.72 68.72 68.72 68.72 68.72 68.72 
bulk density (g mL-1) 1.22 1.19 1.19 1.22 1.25 1.20 1.25 1.26 
particle density (g mL-1) 2.65 2.65 2.65 2.65 2.65 2.65 2.65 2.65 
porosity (ϵ) (mL/mL) 0.539 0.550 0.550 0.540 0.528 0.544 0.528 0.522 
Pore volume (mL) 37 38 38 37 36 37 36 36 
steady state flow rate (mL min-1) 1.1 1.5 1.5 1.5 1.2 1.1 1.2 1.0 
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Values reported are average ± standard deviation (n=6 for Hanlon soil sample, n=8 for Zook soil sample)  
Table 5.3. Estimated solute transport parameters from CXTFIT using 0.05 M CaCl2 tracer solution    
Soil Pore water velocity (v) Dispersion Coefficient (D) Pulse duration (T0) Dispersivity (λ) R2 
  (cm s-1) (cm2 s-1) s cm  
Hanlon 0.04±0.003 0.04±0.003 1.6±0.10 6.6±5.4 0.941±0.017 
Zook 0.03±0.003 0.03±0.003 1.3±0.09 8.2±2.3 0.982±0.010 
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Table 5.4.  Pore volumes, concentration ratios, and mass fraction results 
 Soil Type 
Treatments Hanlon Zook 
 CaCl2 
PV at Cr 
= 0.5 
Mf BPA 
retained in 
the column 
Mf DOC 
eluted from 
the column 
CaCl2 PV 
at Cr = 
0.5 
Mf BPA 
retained in 
the column 
Mf DOC 
eluted from 
the column 
1. CaCl2, 1 mg L
-1 BPA + 10 mg L-1 
BDOM 
1.1±0.01 0.69 ± 0.05 23±10 0.62±0.04 0.94±0.02 22±4 
2. CaCl2, 1 mg L
-1 BPA + 40 mg L-1 
BDOM 
0.7±0.12 0.97±0.01 5±1.0 0.82±0.02 0.89±0.05 4±2 
 3. CaCl2, 10 mg L
-1 BDOM only 0.66 n.m. 11 0.74 n.m. 7 
 4. CaCl2, 40 mg L
-1 BDOM only 1.03 n.m. 4 0.87 n.m. 3 
Mf- mass fraction, Cr- concentration ratio, PV – pore volume, n.m. – not measured. Values reported for treatments 1 and 2  
are average ± standard deviation (n=2 for Hanlon soil, n=3 for Zook soil). Values reported for treatments 3 and 4 conducted  
without replication. 
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Fig. 5.1. Chemical structure of BPA 
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Fig. 5.4. Breakthrough curves of CaCl2, BDOM-C, and BPA for Zook soil samples. (A), (B), 
and (C) 1 mg/L BPA in 10 mg/L BDOM-C, (D), (E), and (F) 1 mg/L BPA in 40 mg/L BDOM-
C, (G) 10 mg/L BDOM-C only, (H) 40 mg/L BDOM-C only 
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APPENDIX: BREAKTHROUGH CURVES  
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